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Mounting concerns over energy independence and security, oil supply volatility and price, and 
anthropogenic-derived climate destabilization are driving the strategic development of low-
carbon biofuels. Recently, second generation biofuels—fuels derived from non-food 
biofeedstocks including: perennial grasses, short rotation woody crops (SRWCs), and microalgae 
have gained significant interest from scientific and political actors due to their potential for 
reduced life cycle greenhouse gas (GHG) emissions relative to baseline petroleum fuels, and 
fungibility with existing transportation infrastructure and vehicles fleets. However, the 
environmental sustainability of these second generation biofuels and their capacity to meet U.S. 
regulatory biofuel mandates remains uncertain, and a point of scientific inquiry.  
This work investigates the sustainability of emerging second-generation drop-in 
replacement hydrocarbon biofuels, utilizing sustainability metrics and methodologies derived 
from multiple disciplines including life cycle assessment, industrial ecology, statistics, 
thermodynamics, and process modeling. This novel interdisciplinary life cycle framework is 
applied to study the environmental sustainability of several distinct emerging drop-in 
replacement biofuel platforms including: (1) cultivation of microalgae in open raceways ponds 
and hydro-processing of algal-oil to renewable diesel, (2) fast pyrolysis of perennial grasses and 
hydro-upgrading of bio-oil to green gasoline, and (3) multistage torrefaction of SRWCs and 
catalytic upgrading to hydrocarbon biofuels. Traditional process-based Life Cycle Assessment 
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(LCA) and hybrid Ecologically-based Life Cycle Assessment (EcoLCA) models are developed 
to assess the degradation of ecological good and services, environmental impacts, and resource 
intensity of producing drop-in replacement biofuels. Rigorous process modeling and statistical 
analysis is performed to quantify key sustainability metrics including energy return on 
investment and life cycle GHG emissions for producing hydrocarbon biofuels under different 
combinations of biofeedstocks, fuel upgrading pathways, and coproduct scenarios, and to 
determine if renewable fuel(s) meet compliance with life cycle GHG emissions reductions 
thresholds set by U.S. federal regulatory programs. This interdisciplinary approach captures 
broader environmental externalities and unintended consequences of biofuel production that are 
outside the purview of traditional process design, and allows for holistic understanding of the 
potential tradeoffs, challenges, and broad-based impacts of emerging biofuels prior to their 
widespread commercialization—information that is pivotal for guiding the sustainable 
development of the nascent biofuels industry. 
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1.0  INTRODUCTION 
The dawn of the industrial era brought the rapid expansion and development of the petroleum, 
natural gas, and coal industries. Over the past century exploitation and consumption of fossil 
resources has led to widespread gains in economic development and quality of life, but have 
come at the expense of environmental damages and degradation of ecological goods and services 
(EGS) and may impair the ability of the planet to sustain future generations [1]. Further, 
increased global consumption of limited fossil resources—driven by exponential population 
growth and rapid economic expansion, has been identified as the principle contributor to rising 
atmospheric concentrations of greenhouse-gases and related anthropogenic-induced climate 
destabilization [2], and has led to heightened market instability and supply risk for fossil and 
petroleum resources. In totality, mounting concerns over energy independence and security, oil 
supply volatility and price, and global climate change are driving nation states worldwide to 
adopt environmentally sustainable renewable energy systems and technologies. 
Global climate change is regarded as the foremost environmental problem of the 21st 
century. A growing body of evidence suggests that increasing concentrations of greenhouse 
gases, brought on by human activities, are causing harmful and long-term global climate change 
[3]. Direct impacts of global climate change include heightened frequency of extreme weather 
events as well as rising average global temperature and sea levels, while potential higher-order 
effects include ecosystems destruction, species extinction, irreversible loss of biodiversity, 
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heightened frequency of food- and water-borne illness, widespread loss of life, civil conflict, 
food security, environmentally induced mass migration, heightened risk and volatility in global 
economic markets, and loss of economic capital [4-6].     
Displacing traditional transportation fuels and modes of energy production with low- 
carbon biofuels—fuels derived via organic matter from plant biomass and/or industrial waste 
with a reduced carbon footprint relative to baseline petroleum fuels, are a promising option for 
mitigating and curtailing potential catastrophic climate destabilization [7-9]. Accordingly, 
biofuels have gained widespread attention at academic, industrial, regulatory and political levels, 
and to some degree among the general public. Scientists have focused on identifying the most 
promising biofuel feedstocks and are investigating various biochemical and thermochemical 
conversion pathways to transform these feedstocks into useful fuel products. Research, 
development, and the subsequent commercial deployment of biofuels have the potential to create 
new jobs and provide extensive economic benefits.  
1.1.1 Policy Divers for Commercial Biofuel Production 
Policy makers are playing a larger role in the development and implementation of biofuels by 
establishing regulatory policies and mandates for renewable fuels. In 2007, the United States 
passed the Energy Independence and Security Act (EISA) [10], which mandates annual domestic 
volumetric production targets for renewable transportation fuels. EISA mandates that 36 billion 
gallons of biofuels be blended into the U.S. transportation fuel mix by the year 2022, and 
stipulates that a fraction of the total volumetric renewable fuel requirement be derived from 
conventional, cellulosic, biomass-based diesel, and advanced biofuels, see Figure 1.  
 
  3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Volumetric Biofuel Requirement set by Energy Independence and Security Act[11]  
 
Further, EISA mandates that biofuels have specific reduction in life cycle greenhouse gas 
(GHG) emissions relative to petroleum fuels. EISA defines cellulosic biofuel as any renewable 
fuel derived from cellulose, hemicellulose, or lignin, which reduces greenhouse gas (GHG) 
emissions by 60% as compared to baseline petroleum fuels. Biomass-based diesel is defined as a 
renewable transportation fuel, transportation fuel additive, heating oil, or jet fuel that meets the 
definition of either biodiesel or non-ester renewable diesel, that reduces GHG emissions by 50% 
or more; while advanced biofuels are defined as any renewable fuel, other than ethanol derived 
from corn, which reduces GHG emissions by a minimum of 50%.  
Similarly, in 2009 the European Union (EU) passed the renewable energy directive 
(RED) [12], which requires that the EU obtain 20% of its total energy consumption from 
renewable sources, and derive 10% of energy consumption within the transportation sector from 
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renewable resources by 2020. Furthermore, the EU imposed a 5% cap on the amount of food 
crop-derived biofuels used to meet the EU’s 2020 goal, in an effort to mitigate the potential 
social and economic impacts of competition between crops for food vs. fuel. The RED sets 
minimum life cycle GHG emission reductions targets of 35% relative to baseline petroleum fuels 
for the year 2010, increasing to 50% in 2017 and 60% in 2018. 
1.1.2 Comparison of Potential Feedstocks, Conversion Pathways, and Fuels 
Commercial biofuel production is a multifaceted issue, identifying and assessing potential 
biofuel feedstocks remain an arduous process as the use of some biofeedstocks raise complex 
ethical questions and may have unintended economic and environmental ramifications. A myriad 
of different biofuel conversion pathways and associated coproducts are possible, see Figure 2. In 
addition, the mode of biofuel production can influence the quality of the resultant fuel as well as 
its related economic, environmental, and energetic viability.  
 
 
Figure 2.  Overview of Biofeedstocks, Conversion Platforms, and Biofuels 
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First generation biofuels, also known as conventional biofuels, are fuels produced from 
arable crops and are derived via sugar, starch, animal fats, and plant or vegetable oils. First 
generation biofuels are typically produced from the fermentation of grains and crops with a high 
sugar or starch content, such as corn, sugarcane, sugar beets, wheat, or barley to produce 
bioethanol, or by transesterification of oils extracted from crops such as soybean, rapeseed, 
canola, mustard seed, palm, coconut, and sunflower to create biodiesel. In recent years, political 
and scientific actors have raised concerns that the use of first generation biofuels may result in 
environmental degradation [13], including potential loss of biodiversity, adverse impacts on 
water resources, soil erosion and depletion, accelerated deforestation, and land-use impacts [14, 
15]. Existing research has also reported that direct and indirect land use change effects may 
possibly negate the carbon dioxide reduction potential of first generation biofuels resulting in 
overall higher life-cycle GHG emissions relative to baseline petroleum fuels [16, 17]. 
Additionally, thermodynamic and energy analyses have shown mixed results concerning the 
energetic viability of some first generation biofuels [13, 18, 19]. Furthermore, without 
government subsidies and grants, biofuels are currently not cost competitive with more 
established transportation fuels [13], making them an expensive option for mitigating GHGs. 
Additionally, there is growing concern that displacing farmland and food crops for biofuel 
production may lead to inflation of global food prices [20, 21], as many biofuel cultivars—
including corn, soybean, and sugarcane—are primarily used for animal feed and/or human 
consumption. In addition, first generation biofuels require changes in the existing transportation 
infrastructure such as modifications to vehicle engines and fuel pipelines.  For these reasons 
researchers have investigated producing 2nd generation biofuels—liquid transportation fuels 
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from nonfood-biofeedstocks, that have the potential to be fungible with existing vehicle fleets 
and infrastructure.  
2nd generation biofuels have gained significant interest from national organizations such 
as the United States (US) Department Of Energy (DOE) due to their potential for lower 
greenhouse gas emissions relative to baseline petroleum fuels and potential to act as drop-in 
replacements for traditional fossil fuels. Common non-food biofeedstocks include lignocellulosic 
biomass, microalgae, industrial wastes, and oil-seeds. Lignocellulosic feedstocks include 
agricultural residues such as corn stover and forest residues; energy crops such as switchgrass, 
miscanthus, and poplar; and industrial/municipal solid wastes. Additionally, several non-food 
lipid sources including algae and jatropha are being considered for biofuel production. The 
‘Billion Ton Study’ jointly conducted by the US Department of Energy (DOE) and the US 
Department of Agriculture (USDA) provides a detailed quantification of available biomass in the 
US for producing fuels and biobased products, and estimates that up to 1.6 billion tons of dry 
biomass can be produced annually in the contiguous U.S. for meeting growing energy demands 
without displacing critical food, fiber, or feed crops [22]. These findings are compelling as they 
suggest that the U.S. has the capacity to support a large-scale domestic biofuels and bioproducts 
market. 
Several comprehensive reviews of the possible catalytic, biochemical, and 
thermochemical conversion pathways for the production of biofuels from biomass feedstocks are 
available [15, 23-25]. Traditionally, fats and oils derived from oilseed crops are converted to 
biodiesel via transesterification involving chemical reactions with an alcohol, such as methanol. 
However, biodiesel has certain undesirable properties such as poor cold flow properties, high 
cloud point, and roughly 10% lower energy density when compared with petroleum derived 
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diesel fuel. Alternatively, oils and fats can be catalytically hydrotreated and converted to 
renewable diesel—a renewable hydrocarbon fuel that is fungible with traditional petroleum fuels. 
Lignocellulosic feedstocks, such as woody biomass and agricultural residues, require acid 
treatments to decompose cellulose and hemicellulose into sugars, which can be subsequently 
reformed into hydrocarbons via microbial agents [26]. Dumesic and coworkers have unraveled 
an entire set of catalytic reactions that convert biomass into hydrocarbon biofuels in the gasoline, 
diesel, and jet range [24, 27-33]. Bond and coworkers successfully reported a strategy for 
converting γ–valerolactone, an intermediate produced from biomass carbohydrates, into liquid 
alkenes targeted for transportation fuels [34]. Their proposed integrated catalytic system 
eliminates the need for an external source of hydrogen.  
Thermochemical conversion via pyrolysis or gasification has gained widespread attention 
as commercial platforms for biofuel production. Pyrolysis involves thermochemical 
decomposition of organic matter at 400-600 oC in absence of oxygen and produces oxygenated 
bio-oil as well as biochar and non-condensable gases as coproducts [35-39]. Pyrolysis oil can be 
catalytically converted to high-octane hydrocarbon biofuels in the gasoline and diesel range [36, 
40, 41], while several uses for the bio-char including (1) a soil amendment or (2) combustion to 
produce electricity are actively being investigated [42-48]. Agrawal and Singh presented a 
conceptual design of a hydrogen bio-oil process using fast pyrolysis and hydrodeoxygenation for 
producing liquid transportation fuels that require only modest quantities of supplementary H2 
[49]. Another promising thermochemical pathway is gasification, in which biomass is converted 
to synthesis gas (syngas) - a mixture containing CO, H2, CH4, N2 and CO2 by heating the input 
feed to high temperatures (>700 OC) and reacting with air, oxygen, and/or steam. Syngas can 
then be converted into liquid fuels by well-known reactions such as Fischer-Tropsch synthesis or 
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synthesizing methanol and subsequent conversion to gasoline. Dauenhauer and coworkers at the 
University of Minnesota have combined the biomass gasification, tar cleanup, and water-gas 
shift into a single reactor [50]. 
Recently, microalgae have been touted as a promising feedstock for conversion to liquid 
transportation fuel due to their unique ability to utilize carbon dioxide from industrial flue gas 
[51],  high photosynthetic efficiency [52], and ability to be grown on marginal or otherwise non-
arable land [53]. Algae derived biofuels do not directly displace or put market pressure on food 
crops, as do the production of biofuels derived from corn, soybean, or sugarcane. Furthermore, 
algae can be grown using different growth media including wastewater as well as brackish/saline 
water; the use of which has the capacity to substantially reduce the nutrient and water-footprint 
of microalgal fuels relative to traditional terrestrial biofeedstocks [54]. Algae can be grown in a 
semi-continuous to continuous manner, and thus do not require perennial harvesting such as 
other leading forms of biomass including poplar or perennial grasses. Brennan and Owende 
presented a comprehensive overview of the different technologies for microalgae cultivation, 
harvesting, conversion technologies, and the potential useful products including biofuels [55].  
The biofuel research landscape is rapidly evolving in regards to process multiplicity, 
complexity, and scope. Understanding and assessing the far-reaching impacts and implications of 
emerging biofuels—before their widespread implementation—is critical for assuring the long-
term sustainability of these biofuels systems. Failure to address the potential risks and impacts 
associated with biofuels may have long-standing environmental consequences, and may 
jeopardize the successful adoption and commercial viability of these bioresources. Sustainable 
commercialization of biofuel production will require simultaneously addressing multiple 
technical and environmental challenges that occur throughout the supply chain. Comprehensive 
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analysis from a systems perspective that considers the full range of impacts can address these 
concerns. 
1.2 LIFE CYCLE ASSESSMENT 
Life cycle assessment (LCA) is a technique used to quantify the environmental impacts of a 
product or service, and has emerged as the prevalent methodological framework for evaluating 
the environmental impacts of biofuel and bioenergy systems [56]. LCA considers impacts 
throughout all stages of the fuel life cycle-from raw materials extraction, to fuel conversion, and 
final use. LCA allows for a comprehensive understanding of the environmental impacts that 
occur at each stage of the production chain, enabling one to identify processes responsible for 
highest environmental burden and thus target these areas for process improvement. Furthermore, 
LCA can be used to quantify the anticipated impacts of a product or service prior to its 
widespread adoption, thus identifying and avoiding potential environmental pollutants, wastes, 
and environmental damages before they become embedded within the supply chain. 
Furthermore, LCA can used to compare the environmental performance between two products 
with the same functionality and thus can be used to inform environmentally conscious decision-
making. 
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1.3 SUSTAINABILITY AND THE CHEMICAL INDUSTRY 
Chemical technologies and the chemical industry provide a range of useful and valuable products 
for human welfare such as personal care products, health products, agrochemicals, and 
transportation fuels. However, the production of these products is accompanied by generation of 
vast quantities of wastes and a range of harmful emissions to air, water, and soil. There is 
increasing realization that resource consumption and anthropogenic-derived impacts can have 
long-standing consequences on global ecological systems, and place strain on the natural 
biogeochemical cycles that support human life. Published findings from the millennium 
ecosystem assessment (MEA)—an international collaboration designed to assess the impact and 
widespread consequences of environmental change for human and ecological well-being, 
indicate that in the second half of the 20th century anthropogenic-derived resource degradation 
and overconsumption of natural capital have changed ecosystems more rapidly and extensively 
than in any comparable period in human history [1]. Rockstrom and colleagues assessed that the 
Earth has transgressed planetary boundaries for climate change, biodiversity, nitrogen cycle 
balance and is fast approaching the limit of safe operating space for global freshwater use, land 
use change, ocean acidification and global phosphorous cycle balance [6, 57-59].  
Traditional methods of chemical process design have primarily relied on finding the 
economic optimum subject to physical constraints, namely satisfying the heat and material 
balances under thermodynamic limitations. However, concerns over the depleting fossil energy 
sources, mounting regulatory compliance and the resulting push towards environmentally 
conscious process design are forcing designers to consider reduced environmental impact as one 
of the product design objectives. Business leaders have begun to realize that such a shift towards 
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more sustainable design practices can not only minimize the environmental impact of industrial 
activity but is also crucial for long term success and sustainability of their enterprises. 
The emerging field of sustainability science and engineering is developing tools to 
recognize, quantify, and reconcile resource limitations; human needs, and optimize global and 
human benefit. The concept of sustainability is multifaceted; encompassing the entirety of the 
human enterprise, interfacing with environmental, social, political, and economic issues, and as 
such is highly interdisciplinary. The outstanding challenge facing the chemical industry is the 
incorporation of environmental and sustainability objectives along with traditional design 
objectives in the development of emerging chemical processes. The rapid development of 
biofuels as a potentially sustainable and cleaner replacement for conventional fuels represents a 
unique challenge for chemical industry that requires simultaneous consideration of 
environmental and ecological externalities that are outside the purview of traditional process 
design. 
1.4 BIBLIOMETRIC ANALYSIS OF BIOFUEL LITERATURE 
Understanding the full range of potential environmental, social, and economic impacts of biofuel 
production prior to its widespread commercialization and use is pivotal for avoiding unintended 
consequences and for guiding the sustainable development of the biofuels industry. Moreover, 
holistic assessment of the widespread direct and indirect effects/impacts of biofuel production 
requires integrating data and information across multiple research domains and rigorous analysis 
of peer-reviewed literature. As such, collaboration and synthesis across multiple disciplines is 
necessary for environmentally conscious decision-making. However, the degree to which 
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interdisciplinary research is occurring between biofuel research domains is often not well-
understood or studied, such information is critical for determining research gaps, fragmentation 
between research domains, and for guiding the future trajectory of research in biofuels. 
Accordingly, a bibliometric analysis is performed to (1) identify active topical areas of 
research in the biofuel literature and (2) quantify the relative strength of connection between 
various biofuels research domains via analyzing the occurrence and co-occurrence frequency of 
author supplied and indexed keywords from over 20,000 biofuels articles published from 2000 to 
present. The resulting analysis provides useful insights regarding the strength of connection and 
coupling between various research domains in the biofuel literature, as well as potential research 
gaps, i.e. research areas that may require further synthesis and integration. Keywords for over 
20,700 articles were obtained using the search-term ‘Biofuels’ from the SCOPUS database [60]. 
In absence of author-supplied keywords, indexed keywords were used. This approach was 
leveraged over using both author-supplied keywords and indexed keywords, so as to avoid 
potential double counting. Keywords were aggregated into 36 topic areas related to 7 broad 
themes; see Table 1. The analysis expands on the method of identifying and aggregating 
keywords provided in Ridley et al. [61]. The analytic framework and bibliometric algorithm 
established in Van Eck and Waltman was used to detect the number of co-occurrences of select 
keywords [62]. The co-occurrence data is mapped via network software (ORA) [63], to visualize 
the dynamic interactions between select biofuel research domains. The strength of the linkage 
between research topics (nodes) indicates its relative co-occurrence and is proportional to the 
line width, while the size of the node indicates its relative occurrence. 
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Table 1. Themes and topics for author supplied and indexed keywords 
 
Theme Topic Example Keywords 
Environmental & Human Wellbeing Food Security Food Supply, Food Crop 
 Human Health Mortality, Asthma 
 GHGs Greenhouse Gases, Carbon Dioxide 
 Air Quality (Non-GHGs) Particulate Matter, Volatile Organic 
Compounds 
 Soil Resources Soil Organic Carbon, Soil Fertility 
 Land Use Change Indirect Land Use Change, Direct Land Use 
Change 
 Water Resources Groundwater, Water Footprint 
 Biodiversity Wildlife, Biodiversity 
 Life Cycle Assessment Life Cycle Analysis, Life Cycle 
Assessment 
 Ecosystem Services Ecosystem Services, Ecosystems 
Economy   
 Cost of Production Technoeconomic analysis, Infrastructure 
 Market Forces Supply and Demand, Cost Competitiveness 
 Policy RFS2, EISA, LCFS 
 Trade Import, Export, Tariff 
Production Distribution, Technology, & 
Infrastructure 
  
 Feedstock Production and 
Agronomics 
Biomass Production, Agronomics 
 Feedstock Logistics Pretreatment, Biomass transportation 
 Fuel Distribution and 
Infrastructure 
Pipeline, Fuel Storage 
Biofuels   
 Aviation Fuel Aviation Fuel, Jet Fuel 
 Biodiesel Biodiesel, Biodiesel Blend 
 Ethanol Ethanol, Lignocellulosic Ethanol 
 Hydrocarbon Biofuel Drop in replacement biofuel, Renewable 
Diesel 
 Butanol Butanol, Biobutanol 
 Biogas Biogas, Biomethane 
Conversion Platforms   
 Pyrolysis Fast Pyrolysis, Pyrolysis oil 
 Gasification Gasification, BTL 
 Transesterification Esterification, FAME 
 Hydrolysis Hydrolysis, Fermentation 
 Anaerobic Digestion Anaerobic Digestion, - 
Feedstocks   
 Woody Biomass Willow, Poplar 
 Perennial Grasses Switchgrass, Miscanthus 
 Oil Seeds Jatropha, Soybean, Rapeseed 
 Algae Microaglae, Macroalgae 
 Agricultural Residue Sugarcane Bagasse, Corn Stover, Forest 
Residue 
 Industrial & Municipal Waste Waste Cooking Oil, Vegetable Oil 
 Grains & Sugar Crops Corn, Wheat, Rye 
Thermodynamics   
 N/A Exergy, Emergy 
Adapted from Ridley et al. [61] 
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A co-occurrence cutoff value of 80 was chosen to identify significant connections between nodes in the network. As such some 
nodes appear to have no connections 
 
Figure 3. Bibliometric network analysis of biofuel research articles published between 2000 to present. 
 
Figure 3 presents a co-occurrence network graph, illustrating the connectivity between 
various research topics in the biofuels literature. Figure 3 reveals that greenhouse gases, 
biodiesel, ethanol, transesterification, and hydrolysis had the highest frequency of co-occurrence 
in the literature, while market forces, trade, biodiversity, ecosystems goods and services (EGS), 
thermodynamics, aviation fuel, and hydrocarbon biofuels were not well represented. Nodes with 
no connections represent research fields that lack significant collaborations with other research 
areas in the biofuel literature, and may be emerging or nascent topics. Figure 3 reveals that 
substantial research has been invested in evaluating GHG emissions related to biofuel 
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production, while little effort has been made to evaluate impacts on soil resources, human health, 
food security, biodiversity, and ecological goods and services. While GHG emissions represent 
an important sustainability aspect for biofuel production, other categories must also be 
considered so that biofuels do not inadvertently shift their impacts to other domains. 
Furthermore, the lack of research on ecological goods and services, biodiversity, soil resources, 
and water resources is alarming, as prior research has suggested that the adoption of first 
generation biofuels have resulted in higher rates of deforestation and soil erosion, loss of 
biodiversity, and increased stress on water resources [13, 64]. Hydrocarbon biofuels as well as 
aviation fuels were found to have marginal to no connectivity with other research domains, as 
these biofuels represent emerging topics and have only recently received widespread scientific 
inquiry. As such, further collaborative research is needed in all aspects of these emerging fuel 
platforms. The network diagram shows sparse scientific coverage on the market forces and/or 
trade aspects of biofuel production, despite consistent growth in the international trade of 
biomass/biofuels over the past decade. Failure to consider the broader trade and market 
implications of biofuel production could have significant global economic and social 
repercussions. This is particularly important for developing countries that are increasing biofuel 
exports to meet international policy mandated volumetric biofuel production and renewable 
energy targets, as developing nations are often highly sensitive to the potential adverse impacts 
of biofuel production including accelerated destruction of natural ecosystems, agricultural runoff 
and soil erosion, increased food insecurity and malnutrition, and global climate change.  
The bibliographic analysis reveals that, to-date, little scientific converges exists regarding 
the potential life cycle impacts, ecological implications, and/or thermodynamics of emerging 
hydrocarbon biofuels derived via catalytic and/or thermochemical conversion of 2nd generation 
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biofeedstocks: microalgae, woody crops, or perennial grasses. Accordingly, a quantitative 
interdisciplinary framework is urgently needed to assess any potential dynamic interactions, 
feedbacks, trade-offs, and mitigate any unintended consequences that may result from the large-
scale commercialization of emerging drop-in replacement hydrocarbon biofuel platforms. 
1.5 RESEARCH OBJECTIVES 
The principle objectives of this dissertation are to evaluate the sustainability of emerging 
infrastructure compatible drop-in replacement biofuels, utilizing sustainability metrics and 
methodologies derived from multiple disciplines including industrial ecology, systems 
engineering, statistics, and thermodynamics. This interdisciplinary approach allows for a broader 
understanding of the potential environmental implications and tradeoffs of commercial scale 
biofuel production, and thus allows for a holistic evaluation of the sustainability of emerging 
bioenergy pathways. Specific objectives include:  
 
1. Construct detailed process models for the production of second-generation 
biofeedstocks: miscanthus, switchgrass, woody biomass, and microalgae and 
downstream processing to liquid transportation fuels. 
2. Simulate conversion and upgrading of 2nd generation and advanced biofeedstocks via 
Aspen Plus and first principles of engineering to develop detailed process level material, 
energy, and product flows.  
3. Conduct process-based Life Cycle Assessment (LCA) and hybrid Ecologically-based 
Life Cycle Assessment (EcoLCA) to assess the degradation and depletion of ecological 
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good and services, environmental impacts, and resource intensity of producing drop-in-
replacement biofuels; and identify areas for process improvement in the biomass-to-fuel 
supply chain. 
4. Perform rigorous statistical analysis to determine bounds for key sustainability metrics 
including energy return on investment (EROI) and life cycle GHG emissions for drop-in-
replacement biofuels under different combinations of biofeedstocks, coproduct options, 
and fuel upgrading pathways. Determine if renewable fuel(s) meet compliance with life-
cycle GHG emissions reductions thresholds set by U.S. federal regulatory programs. 
1.6 ORGANIZATION OF DISSERTATION 
The dissertation is organized as follows: 
Chapter 2 presents the primary fossil energy consumption, life cycle greenhouse gas 
(GHG) emissions, and direct Water Demands (WD) for producing dried algal biomass through 
the cultivation of microalgae in Open Raceway Ponds (ORP) for 21 geographic locations in the 
contiguous United States (U.S.). For each location, comprehensive life cycle assessment (LCA) 
is performed for multiple microalgal biomass production pathways, consisting of a combination 
of cultivation and harvesting scenarios. The objective of this work is to compare the 
environmental profile of different technological routes and geographic locations for producing 
dried algal biomass to be used for as a feedstock for downstream conversion to liquid 
transportation fuel(s).  
Chapter 3 develops a hybrid ecologically based life cycle assessment model to determine 
the large-scale ecological impacts of microaglal biofuel production under several coproducts 
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scenarios for the de-oiled algal biomass, and benchmark the results against existing petroleum 
fuels. This work utilizes rigorous hierarchical thermodynamic-derived performance metrics 
developed based on concepts of exergy and emergy to provide unique insights into the 
sustainability of emerging microalgal biofuel systems. 
Chapter 4 presents a life cycle assessment of liquid transportation fuels derived via fast 
pyrolysis of perennial grasses and hydroprocessing of bio-oil, with specific focus on quantifying 
the life cycle GHG emissions and primary fossil energy consumption under different coproduct 
scenarios for the produced biochar.  
Chapter 5 presents a prospective wheel-to-wheel life cycle assessment of a novel 
multistage torrefaction/pyrolysis and in-situ catalytic upgrading fuel platform for converting 
short rotation woody crops to hydrocarbon biofuels. Several critical key process design metrics 
and sustainability indicators including: process hydrogen consumption, liquid carbon yield, 
energy return on investment, and life cycle GHG emissions are utilized to compare the 
environmental and process performance across different design cases. 
Chapter 6 discusses key research opportunities and challenges in the design of emerging 
biofuel supply chains, provides a high-level overview of the current ‘state of the art’ in 
environmental sustainability assessment of biofuel production, and proposes a novel modular 
multiscale and multiobjective optimization framework for the sustainable design of emerging 
biofuel supply chains. 
Chapter 7 summarizes the main conclusions of this dissertation and provides directions 
for future work. 
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Additional information including detailed calculations and tabulated datasets are 
provided in the Appendices. Supporting information (S.I.) for Chapter 2 is provided in Appendix 
A, S.I. for Chapter 3 is provided in Appendix B, and so on and so forth for subsequent chapters.  
1.7 INTELLECTUAL MERIT AND BROADER IMPACTS 
The results of this dissertation aid in identifying which biofeedstocks and biofuels are best suited 
for U.S. domestic production; and provide a broader understanding of the environmental 
tradeoffs between various fuel platforms.  Further, the findings of this research identify potential 
opportunities for process improvements throughout the biofuel supply chain and provide insights 
regarding the vulnerability of emerging bioenergy systems to the depletion of specific resources, 
environmental hazards, and the degradation of natural goods and services. This broad-based 
approach allows for a comprehensive examination of the potential tradeoffs, challenges, and 
widespread impacts of emerging biofuels—information that is pivotal for guiding the sustainable 
development of the biofuels industry. Additionally, this research advances the concepts and 
framework of sustainability via the development, utilization, and coupling of rigorous 
thermodynamic based sustainability metrics, probabilistic-parametric models, and detailed 
chemical process modeling. The body of this work takes the form of several peer-review articles, 
book chapters, and peer-reviewed conference proceedings that are at various stages of 
publication during the final writing herein:  
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Refereed Journal Articles 
1. Zaimes, G. G.; Beck, A. W.; Janupala, R. R.; Resasco, D. E.; Crossley, S. P.; Lobban, L. 
L.; Khanna, V., Multistage torrefaction and in situ catalytic upgrading to hydrocarbon 
biofuels: analysis of life cycle energy use and greenhouse gas emissions. Resubmission to 
Energy and Environmental Science, November 2016. (Chapter 5 in Thesis) 
2. Montazeri, M.; Zaimes, G. G.; Khanna, V.; Eckelman, M. J., Meta-Analysis of Life 
Cycle Energy and Greenhouse Gas Emissions for Priority Biobased Chemicals. ACS 
Sustainable Chemistry & Engineering 2016. 
3. Zaimes, G. G.; Vora, N.; Chopra, S. S.; Landis, A. E.; Khanna, V., Design of Sustainable 
Biofuel Processes and Supply Chains: Challenges and Opportunities. Processes 2015, 3, 
(3), 634-663. (Chapter 6 in Thesis) 
4. Zaimes, G. G.; Soratana, K.; Harden, C. L.; Landis, A. E.; Khanna, V., Biofuels via Fast 
Pyrolysis of Perennial Grasses: A Life Cycle Evaluation of Energy Consumption and 
Greenhouse Gas Emissions. Environmental Science & Technology 2015, 49, (16), 10007-
10018. (Chapter 4 in Thesis) 
5. Soratana, K.; Harden, C. L.; Zaimes, G. G.; Rasutis, D.; Antaya, C. L.; Khanna, V.; 
Landis, A. E., The role of sustainability and life cycle thinking in U.S. biofuels policies. 
Energy Policy 2014, 75 (0), 316-326. 
6. Zaimes, G. G.; Khanna, V., Assessing the critical role of ecological goods and services in 
microalgal biofuel life cycles. RSC Advances 2014, 4, (85), 44980-44990. (Chapter 3 in 
Thesis) 
  21 
7. Zaimes, G. G.; Khanna, V., The role of allocation and coproducts in environmental 
evaluation of microalgal biofuels: How important? Sustainable Energy Technologies and 
Assessments 2014, 7, (0), 247-256. 
8. Zaimes, G. G.; Khanna, V., Environmental sustainability of emerging algal biofuels: A 
comparative life cycle evaluation of algal biodiesel and renewable diesel. Environmental 
Progress & Sustainable Energy 2013, 32, (4), 926-936. 
9. Zaimes, G. G.; Khanna, V., Microalgal biomass production pathways: evaluation of life 
cycle environmental impacts. Biotechnology for Biofuels 2013, 6, (1), 88. (Chapter 2 in 
Thesis) 
 
Book Chapters 
1. Zaimes, G. G.; Khanna, V., Life cycle sustainability aspects of microalgal biofuels. In 
Assessing and Measuring Environmental Impact and Sustainability, Klemeš, J. J., Ed. 
Butterworth-Heinemann: Oxford, 2015; pp 255-276. 
2. Zaimes, G. G.; Borkowski, M.; Khanna, V., Life-Cycle Environmental Impacts of 
Biofuels and Coproducts. In Biofuel Technologies, Gupta, V. K.; Tuohy, M. G., Eds. 
Springer Berlin Heidelberg: 2013; pp 471-499. 
 
Peer-Reviewed Conference Proceedings 
1. Harris, T. M.; Zaimes, G. G.; Khanna, V.; Landis, A. E., Sunflower Cultivation on Coal 
Mine Refuse Piles in Appalachia for Diesel Biofuel Production from a Life-cycle 
Perspective. Procedia Engineering 2015, 118, 869-878. 
2. Soratana, K.; Zaimes, G. G.; Harden, C. L.; Rasutis, D.; Antaya, C. L.; Khanna, V.; 
Landis, A. E., Life cycle thinking in U.S. biofuel policies, American Center for Life 
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Cycle Assessment (ACLCA) XIV International Conference 2014, Proceedings of the 
LCA XIV International Conference: pp 57-62. 
3. Borkowski, M. G.; Zaimes, G. G.; Khanna, V., Integrating LCA and thermodynamic 
analysis for sustainability assessment of algal biofuels: comparison of renewable diesel 
vs. biodiesel. International Symposium on Sustainable Systems and Technology (ISSST) 
2012, IEEE: pp 1-6. 
4. Zaimes, G. G.; Borkowski, M. G.; Khanna, V., Environmental Life Cycle Assessment of 
Open Pond Microalgae Cultivation. American Center for Life Cycle Assessment 
(ACLCA) XI International Conference 2011, Proceedings of the LCA XI International 
Conference: pp 113-119. 
 
Specific Research Questions (RQ) and the corresponding chapter in which they are addressed are 
provided in Table 2 below: 
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Table 2. Research Questions (RQ) and corresponding thesis chapter in which they are addressed 
# Research Question (RQ) Paper Chapter  
1 How does the direct water footprint, primary fossil 
energy consumption, and life cycle GHG emission 
profiles for producing microalgal biomass vary under 
different combinations of cultivation and harvesting 
technologies, as well as cultivation sites across the 
contiguous United States? 
Zaimes, G. G.; Khanna, V., Microalgal 
biomass production pathways: evaluation of 
life cycle environmental impacts. 
Biotechnology for Biofuels 2013, 6, (1), 88. 
CH2 
2 What are the potential large-scale ecological impacts 
of microalgal biofuel production, how do these 
results compare with traditional petroleum fuels? 
What insights can thermodynamic analysis based on 
exergy and emergy provide regarding the energetic 
viability and sustainability of emerging microalgal 
biofuel systems? 
Zaimes, G. G.; Khanna, V., Assessing the 
critical role of ecological goods and services 
in microalgal biofuel life cycles. RSC 
Advances 2014, 4, (85), 44980-44990. 
CH3 
3 What is the carbon footprint and primary energy 
consumption for producing drop-in replacement 
transportation fuels via fast pyrolysis of perennial 
grasses (switchgrass or miscanthus); and subsequent 
hydroprocessing of bio-oil to transportation fuel? 
Which unit processes are responsible for the highest 
environmental burdens in the supply chain, how do 
the results change for different combinations of 
allocation schemes and coproduct scenarios? How do 
these results benchmark against leading other 
biofuels as well as petrochemical fuels? 
Zaimes, G. G.; Soratana, K.; Harden, C. L.; 
Landis, A. E.; Khanna, V., Biofuels via Fast 
Pyrolysis of Perennial Grasses: A Life Cycle 
Evaluation of Energy Consumption and 
Greenhouse Gas Emissions. Environmental 
Science & Technology 2015, 49, (16), 
10007-10018. 
CH4 
4 What are the well-to-wheel life cycle energy use and 
greenhouse gas emissions for producing 
infrastructure compatible transportation fuels via a 
novel multistage torrefaction and in-situ catalytic 
upgrading fuel platform? Do renewable fuel(s) meet 
compliance with life-cycle GHG emissions 
reductions thresholds set by U.S. federal regulatory 
programs, as well as minimum energy return on 
investment (EROI) criteria under different allocation 
schemes and coproduct scenarios? Which unit 
processes are responsible for the highest 
environmental burdens in the supply chain? Which 
parameters have the largest impact on the EROI and 
life cycle GHG emissions profile of renewable fuels? 
Zaimes, G. G.; Beck, A. W.; Janupala, R. 
R.; Resasco, D. E.; Crossley, S. P.; Lobban, 
L. L.; Khanna, V., Multistage torrefaction 
and in situ catalytic upgrading to 
hydrocarbon biofuels: analysis of life cycle 
energy use and greenhouse gas emissions. 
Resubmission to Energy and Environmental 
Science, November 2016. 
CH5 
5 What is the current ‘state of the art’ in environmental 
assessment of emerging biofuel systems? 
Furthermore, what are the outstanding challenges and 
opportunities facing the biofuel industry? Can the 
integration of new methods and models provide 
better resolution and insights into the sustainability 
of emerging biofuel systems—does such a transition 
demarcate a new paradigm in the environmental 
sustainability assessment and design of fuel and 
energy systems? 
Zaimes, G. G.; Vora, N.; Chopra, S. S.; 
Landis, A. E.; Khanna, V., Design of 
Sustainable Biofuel Processes and Supply 
Chains: Challenges and Opportunities. 
Processes 2015, 3, (3), 634-663. 
CH6 
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2.0  MICROALGAL BIOMASS PRODUCTION PATHWAYS: EVALUATION OF 
LIFE CYCLE ENVIRONMENTAL IMPACTS 
The following chapter is based on a peer-reviewed article published in Biotechnology for 
Biofuels with the citation:  
 
Zaimes, G. G. and V. Khanna, Microalgal biomass production pathways: evaluation of life cycle 
environmental impacts. Biotechnology for Biofuels, 2013. 6(1): p. 88. 
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2.1 CHAPTER SUMMARY 
Microalgae are touted as an attractive alternative to traditional forms of biomass for biofuel 
production, due to high productivity, ability to be cultivated on marginal lands, and potential to 
utilize carbon dioxide (CO2) from industrial flue gas. This chapter examines the fossil energy 
return on investment (EROIfossil), greenhouse gas (GHG) emissions, and direct Water Demands 
(WD) of producing dried algal biomass through the cultivation of microalgae in Open Raceway 
Ponds (ORP) for 21 geographic locations in the contiguous United States (U.S.). For each 
location, comprehensive life cycle assessment (LCA) is performed for multiple microalgal 
biomass production pathways, consisting of a combination of cultivation and harvesting options. 
Results indicate that the EROIfossil for microalgae biomass vary from 0.38 to 1.08 with life cycle 
GHG emissions of −46.2 to 48.9 (g CO2 eq/MJ-biomass) and direct WDs of 20.8 to 38.8 
(Liters/MJ-biomass) over the range of scenarios analyzed. Further analysis reveals that the 
EROIfossil for production pathways is relatively location invariant, and that algae’s life cycle 
energy balance and GHG impacts are highly dependent on cultivation and harvesting parameters. 
Contrarily, algae’s direct water demands were found to be highly sensitive to geographic 
location, and thus may be a constraining factor in sustainable algal-derived biofuel production. 
Additionally, scenarios with promising EROIfossil and GHG emissions profiles are plagued with 
high technological uncertainty. Given the high variability in microalgae’s energy and 
environmental performance, careful evaluation of the algae-to-fuel supply chain is necessary to 
ensure the long-term sustainability of emerging algal biofuel systems. Alternative production 
scenarios and technologies may have the potential to reduce the critical demands of biomass 
production, and should be considered to make algae a viable and more efficient biofuel 
alternative. 
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2.2 INTRODUCTION 
Heightened global awareness of climate change and consumption of finite resources has driven 
research in biomass-based forms of energy production. Current fossil fuel depletion rates and 
related emissions have prompted development of sustainable energy alternatives that are both 
carbon neutral and compatible with existing infrastructure.  In past years, researchers have 
examined various biomass feedstocks such as corn, soybean, canola, and lignocellulosic crops 
for their bioenergy potential.  Major drawbacks to these first and second generation biofuels 
including land use, water footprint, and influence in global food markets have prompted research 
in alternative forms of biomass [15]. Accordingly, algae-to-energy systems are receiving 
increased attention from both academic and industrial sectors. Microalgae’s promising 
characteristics, such as: high productivity [65], ability to be cultivated on marginal lands [66], 
semi-continuous to continuous harvesting, high lipid content, and potential to utilize  carbon 
dioxide (CO2) from industrial flue gas make it an attractive feedstock for biofuel production [53, 
67-70]. In addition, microalgae production does not directly displace food crops, as do other 
leading biomass candidates such as corn or soybean [71]. Extraction and subsequent upgrading 
of microalgal biomass feedstock may provide both a liquid fuel that has the potential to be 
compatible with current transportation fuel infrastructure, and satisfy the Energy Independence 
and Security Act (EISA) mandate [10].   
The prospect of utilizing microalgae for energy production is not a recent phenomenon: 
between 1978 and 1998 the Unites States Department of Energy’s (DOE) Aquatic Species 
Program, a research program aimed to develop renewable transportation fuels, extensively 
examined the production of biodiesel from microalgae [72]. Current demand for transportation 
fuels, as well as technological advancements and maturation, have motivated researchers to re-
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examine microalgae’s potential as a fuel source [73], and in recent years have led to a host of 
microalgae based life cycle assessments (LCA) [51, 56, 74-94].  Prior studies have shown that 
different algae harvesting options, reactor configurations, culture conditions, and cultivation 
assumptions yield divergent results concerning algae’s environmental and energy performance 
[74, 75, 81-83, 85, 94, 95]. As such, evaluation of the life cycle greenhouse gas (GHG) 
emissions, fossil energy consumption, and water demands for multiple biomass production 
pathways within the framework of one study can provide insight into the potential tradeoffs, 
environmental impacts, and technical feasibility of these pathways. As microalgal derived fuels 
are inherently dependent on the cultivation of microalgae feedstock, a sustainable pathway for 
microalgae feedstock production must be identified if algal-based fuels are to become a 
commercial reality. Furthermore, additional pilot testing and laboratory scale results will be 
necessary for validating and benchmarking theoretical process modeling [96-98]. Holistic 
evaluation of emerging algae-to-fuel systems that considers the resource consumption, 
emissions, and their impact across the entire life cycle is critical to assess the environmental 
sustainability of emerging algae-based energy systems. 
This study examines the critical life cycle energy and environmental drivers in algae 
cultivation through a comprehensive analysis of a theoretical industrial algae Open Raceway 
Pond (ORP) facility. Prior studies have indicated that photobioreactors (PBR) have high initial 
capital and operating costs, which limit their commercial viability [78, 99]. For these reasons 
only ORPs were investigated as a means for mass cultivation of microalgae. This work focuses 
on a typical process chain for ORPs: cultivation followed by a series of flocculation, dewatering, 
and additional drying [100]. Algal drying requirements were based on soybean production, 
where final biomass has a solids concentration of 90% on a weight per weight basis (w/w) [94]. 
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Process energy and material flows were constructed based on first principles of thermodynamics, 
peer-reviewed literature, heat and material balances, and best available engineering knowledge. 
Multiple cultivation locations across the United States (U.S.) as well as cultivation and 
harvesting options are modeled to investigate the extent to which these parameters affect the 
overall energy balance, GHG emissions, and direct water demand of microalgal biomass 
production, and identify opportunities for process improvements along the algae supply chain.   
This work models the production of microalgal biomass using freshwater algae grown 
using synthetic fertilizers and CO2/flue gas from an industrial power plant. The objective of this 
work is to compare different technological routes for producing dried algal biomass to be used 
for as a feedstock for conversion to liquid transportation fuel(s). It is assumed that the biomass 
must be dried to 90% (w/w) before further downstream processing of biomass-to-fuel is possible 
and is consistent with current commercially available lipid extraction technologies.  
2.3 METHODOLOGY AND SUSTAINABILITY METRICS 
2.3.1 LCA Model Overview 
In this study, a comparative LCA of microalgae cultivation and harvesting options for ORPs was 
conducted. The scope of the LCA is cradle-to-gate, in which all processes upstream of dried 
biomass are evaluated.  With the exception of PVC lining [83], previous LCA studies have 
shown that algae infrastructure related impacts are negligible as compared to other system 
processes [76], and were thus excluded from the scope of this study. The functional unit was 
chosen as one Megajoule (MJ) of dried algal biomass, and calculated based on the lower heating 
value of the produced microalgal biomass. Cultivation of microalgae was evaluated for 232 
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National Weather Service (NWS) sites in the continental U.S. [101]. Prior research has suggested 
that for ORPs, microalgae growth rates rapidly decline when exposed to average temperatures 
less than 150 C [102]. Of the 232 examined locations, 21 sites were found to have monthly 
average temperatures within the requisite temperature range required to support the mass 
cultivation of microalgae. Complete LCA was then conducted for these 21 locations, to examine 
if variations in regional energy mix as well as climatological and geographical parameters 
influence algal biomass production. For each cultivation location multiple biomass production 
pathways were examined, consisting of a combination of two options for CO2 procurement 
(Monoethanolamine (MEA) scrubbing with injection of pure CO2 or Direct Injection (DI) of 
industrial flue gas), two algal dewatering options (centrifugation (CF) or chamber filter press 
(CFP)), and two algal drying scenarios (natural gas based drying (NGD) or waste heat drying 
(WHD)).   
2.3.2 Sustainability Metrics 
The focus of this study was to create an LCA model to evaluate the life cycle energy balance, 
direct water demands (WD), and net life cycle GHG emissions for the cultivation of microalgae 
in ORPs. The direct WD was evaluated as the difference between the volume of freshwater 
required to support algae cultivation and annual regional precipitation. Net life cycle GHG 
emissions were calculated as the difference between CO2 embedded in the microalgae feedstock, 
as carbon, to the amount of life cycle GHGs emitted throughout the biomass supply chain. As the 
primary motivation for microalgae production is its potential to displace fossil derived fuels, a 
fossil energy return on investment metric (EROIfossil) was chosen to assess the sustainability of 
microalgae production. EROIfossil, is defined as the ratio of the energy stored in algal biomass 
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(lower heating value x mass of biomass) to the embodied non-renewable primary fossil energy 
required to produce algal biomass, and is presented in equation 1. 
 
 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  (𝐿𝐿𝑓𝑓𝐿𝐿𝐿𝐿𝐿𝐿 𝐻𝐻𝐿𝐿𝐻𝐻𝐻𝐻𝑓𝑓𝐻𝐻𝐻𝐻 𝑉𝑉𝐻𝐻𝑓𝑓𝑉𝑉𝐿𝐿 𝑥𝑥 𝑀𝑀𝐻𝐻𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓 𝐹𝐹𝐿𝐿𝐿𝐿𝐹𝐹𝑓𝑓𝐻𝐻𝑓𝑓𝐹𝐹𝐹𝐹)∑𝑁𝑁𝑓𝑓𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝑁𝑁𝑓𝑓𝐿𝐿 𝑃𝑃𝐿𝐿𝑓𝑓𝑃𝑃𝐻𝐻𝐿𝐿𝑃𝑃 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝑃𝑃    (1) 
 
   
Production pathways in which the EROIfossil are greater than 1 are desirable, as more 
biomass energy is produced than non-renewable fossil energy consumed in biomass production. 
As the cultivation, dewatering, and harvesting of microalgae is energy intensive and a major 
bottleneck in the algae-to-fuel production chain [98, 103, 104], identifying renewable and 
sustainable pathways for the cultivation of microalgae is critical for the overall advancement of 
microalgal derived fuels. To reduce the complexity and dimensionality of the data, as well as to 
allow ease of comparison between different studies, this chapter provides a detailed analysis and 
comparison of the net life cycle GHG emissions, direct water demands, and EROIfossil for 
biomass production pathways for Phoenix, AZ. Detailed tables for EROIfossil, direct WD, and 
GHG emissions for all examined production pathways and locations are provided in Appendix 
A. 
2.3.3 Algal Composition and Growth Rates 
An algal growth model was constructed to evaluate microalgal growth rates for ORPs in the 
continental U.S. Theoretical microalgae photosynthetic yields were constructed based on solar 
insolation values averaged over a thirty-year period (1961-1990), obtained from the National 
Solar Radiation Database (NSRD) [105], and efficiency factors determined by pond design and 
characteristics of the algal culture [52, 106]. The fractionated composition of the algae was 
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assumed to be 20% lipids, 25% carbohydrates, 50% proteins, and 5% other organic material and 
is consistent with previous studies [51, 107]. The composition of algae was calculated to be 517 
grams (g) C, 81.2 g N, 17.6 g P, and 14.5 g K per kilogram (kg) biomass. The lower heating 
value (LHV) of the biomass was computed to be 18.66 MJ/kg-biomass.  
2.4 PRODUCTION CHAIN OVERVIEW AND DATA SOURCES 
2.4.1 Production Chain Overview 
Figure 4 shows the microalgal biomass production chain and examined production pathways. 
Cultivation of the freshwater algae strain, Chlorella vulgaris, was modeled in a 1000-hectare 
(ha) virtual algae production facility, in which 500 ha are allocated for algae cultivation and 500 
for infrastructure related demands. This virtual facility was assumed to be colocated with natural 
gas (NG) fired power plants, and would operate for eight months out of the year, from March to 
October. Comprehensive LCA was performed on 21 cultivation locations, spanning seven states: 
(AL, AZ, CA, FL, GA, LA, & TX). In each of these locations, biomass production was based on 
cultivating algae in ORPs. Data concerning the regional electricity mix for the cultivation 
locations was gathered from the EPA’s “Power Profiler”, based off the 2007 Emissions and 
Generation Resource Integrated Database (eGRID) [108]. 
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Figure 4. Microalgal Biomass Production Chain and Examined Production Pathways. The microalgal 
concentration is reported on a weight/weight (w/w) basis for each stage in the process chain.   
  
 The algal cultivation area is comprised of individual 1-ha ORPs, with a pond depth of 0.3 
meters, and operating at an algal concentration of 0.05% (w/w) [77, 94]. The algal growth 
medium circulates at a mixing velocity of 15 cm/second via paddlewheels [100].  A 0.75 mm 
thick PVC membrane lines the cultivation area [83], with an assumed average lifetime of 5 years 
[83]. Nutrient and fertilizer requirements were estimated based on algal growth rates and 
composition of the algal culture. Prior studies have differing assumptions regarding the quantity 
of nutrients required for algae growth, ranging from approximately one [94] to two [76] times the 
stoichiometric requirement. In this study a 75% nutrient use-efficiency is assumed, with nitrogen 
provided by synthetic urea, potassium by potassium chloride, and phosphate by superphosphate. 
Nutrients and fertilizers are pumped into the ponds with freshwater so that no additional mixing 
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is required. CO2 is supplied from a nearby NG fired power plant either by the direct injection of 
flue gas, or by separating flue gas into pure CO2 via MEA scrubbing and delivering pure CO2 
into the algae ponds [109]. Post cultivation, microalgae are sent to holding tanks, wherein a 
chemical flocculent, aluminum sulfate, is added to the algal culture to agglomerate the algal 
biomass so that it can be efficiently separated from the water matrix [110]. The flocculated algae 
are then sent to either an industrial centrifuge or chamber filter press to concentrate the algae by 
dewatering.  Medium from both flocculation and dewatering stages are recycled back into the 
ponds to minimize the overall water demands. After dewatering, the microalgae slurry undergoes 
additional drying. Two scenarios were examined for algal drying. In the first scenario, 
microalgae are sent to an industrial boiler, in which natural gas is burned to concentrate the algae 
slurry. The second scenario utilizes waste heat from a co-located power plant as a means of 
drying the algal biomass. Life cycle data for aluminum sulfate, fertilizers, PVC, and wastewater 
were taken from the Ecoinvent database [111]. Life cycle data concerning electricity generation 
and natural gas were taken from the United States Life Cycle Inventory (USLCI) database [112]. 
Further information regarding algal growth rates, composition, and detailed LCI for all modeled 
production pathways is available in Appendix A. 
2.4.2 Water Demands 
The production of biofuels has been shown to be water intensive [113-117]. Quantifying the 
direct component of the WD can help determine the impacts of biofuel production on regional 
water resources, and therefore is an important criterion for evaluating optimal locations for algal 
cultivation.  In this study, the direct WD was calculated as the difference between the volume of 
freshwater required to support algae cultivation and annual precipitation. It is assumed that ORPs 
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are drained and treated at a wastewater treatment facility once every four months to avoid build-
up of bacteria and invasive microbes. Additionally, freshwater is required to be pumped into the 
ponds due to water loss from pond leaking, evaporation, blowdown, photosynthetic 
requirements, water lost during the harvesting process, algal drying, and water contained within 
the final biomass slurry that is transported offsite. Water lost due to leaking from the open ponds 
was evaluated at a rate of 0.27 m3/m2-year [80]. Evaporative losses were estimated based on the 
Penman equation [118]. Data for wind speed (m/s), average temperature (0C), and relative 
humidity (%) averaged over a thirty year period (1961-1990) was obtained from the NSRD 
[101]. Data concerning average rainfall for the various locations was taken from the National 
Oceanic and Atmospheric Administration (NOAA) [119]. To avoid excess mineral and salt 
build-up, and to regulate the pH of the culture medium, a portion of the algal growth medium 
must be removed from the ponds and replaced with an equivalent amount of freshwater [120]. 
This process is known as “blowdown”, and it was assumed that onsite evaporation ponds would 
be used for blowdown disposal. The chemical process of photosynthesis consumes water as a 
reactant; therefore freshwater that is consumed by photosynthesis in the cultivation ponds must 
be replaced. During the harvesting stage, process water from both flocculation and dewatering 
stages are recycled back into the ponds. It was assumed that only 90% [86] of the water recycled 
from these stages would be returned to the ponds, the remaining 10% must be treated at a 
wastewater treatment plant (WWTP). Therefore, freshwater must be supplied to the ORPs to 
offset water that is lost during the harvesting process. Furthermore, freshwater is required to 
makeup the volume of water that is contained in the final algae slurry that is transported off-site.  
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2.5 RESULTS AND DISCUSSION 
2.5.1 EROI and Life Cycle GHG Analysis 
Table 3 presents the direct WDs, EROIfossil, and net life cycle GHG emissions for all examined 
biomass production pathways (denoted as A-H) and locations. Table 3 reveals that the net energy 
balance is negative for a majority of the scenarios analyzed. This indicates that more fossil 
energy is consumed than bioenergy produced during biomass production. Only one out of the 
eight examined production pathways, (scenario H), was found to yield an EROIfossil greater than 
1. Furthermore, scenario H was found to have a barely positive energy balance and is plagued 
with high technological uncertainty. Additionally, the results reveal that net life cycle GHG 
emissions are negative for various biomass production pathways, indicating that microalgae 
sequester more GHGs than are emitted during biomass production via these pathways. 
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Table 3. EROIFossil, Net Life Cycle GHG Emissions, and Direct WD’s for Examined Biomass Production Pathways and Locations 
 
Scenarios A* B* C* D* E* F* G* H* WD1 
Location MEA/CF/NGD MEA/CFP/NGD DI/CF/ NGD DI/CFP/NGD MEA/CF/WHD MEA/CFP/WHD DI/CF/WHD DI/CFP/WHD CFP CF 
Mobile, AL 0.40 (44.2) 0.46 (22.5) 0.49 (18.9) 0.59 (-2.8) 0.60 (-0.4) 0.68 (-15.1) 0.86 (-25.7) 1.04 (-40.4) 22.1 22.3 
Phoenix, AZ 0.38 (48.9) 0.43 (28.4) 0.47 (23.5) 0.56 (3.0) 0.57 (4.2) 0.64 (-9.2) 0.79 (-21.2) 0.94 (-34.6) 38.6 38.8 
San Diego, CA 0.41 (32.0) 0.46 (16.0) 0.51 (6.3) 0.60 (-9.6) 0.63 (-12.6) 0.69 (-21.5) 0.91 (-38.3) 1.06 (-47.2) 32.8 33.0 
Daytona Beach, FL 0.38 (43.0) 0.44 (22.7) 0.47 (17.5) 0.57 (-2.7) 0.58 (-1.6) 0.66 (-14.8) 0.81 (-27.1) 0.97 (-40.2) 24.1 24.3 
Jacksonville, FL 0.38 (43.1) 0.44 (22.8) 0.47 (17.7) 0.57 (-2.6) 0.58 (-1.5) 0.66 (-14.7) 0.81 (-27.0) 0.97 (-40.1) 22.6 22.9 
Key West, FL 0.38 (43.6) 0.44 (23.4) 0.47 (18.2) 0.57 (-2.1) 0.57 (-1.0) 0.65 (-14.2) 0.80 (-26.4) 0.97 (-39.6) 28.4 28.6 
Miami, FL 0.38 (42.7) 0.44 (22.5) 0.48 (17.3) 0.57 (-3.0) 0.58 (-1.9) 0.66 (-15.1) 0.81 (-27.3) 0.98 (-40.5) 22.1 22.4 
Tallahassee, FL 0.39 (42.4) 0.44 (22.2) 0.48 (17.0) 0.57 (-3.2) 0.58 (-2.2) 0.66 (-15.4) 0.82 (-27.6) 0.98 (-40.8) 20.8 21.1 
Tampa, FL 0.38 (43.2) 0.44 (23.0) 0.47 (17.8) 0.57 (-2.5) 0.58 (-1.4) 0.65 (-14.6) 0.81 (-26.8) 0.97 (-40.0) 25.1 25.4 
West Palm Beach, FL 0.38 (43.0) 0.44 (22.7) 0.47 (17.6) 0.57 (-2.7) 0.58 (-1.6) 0.66 (-14.8) 0.81 (-27.0) 0.97 (-40.2) 22.9 23.1 
Savannah, GA 0.39 (45.0) 0.45 (23.2) 0.49 (19.7) 0.59 (-2.1) 0.60 (0.4) 0.68 (-14.3) 0.86 (-24.9) 1.03 (-39.6) 24.1 24.4 
Baton Rouge, LA 0.39 (39.2) 0.45 (20.8) 0.49 (13.6) 0.58 (-4.7) 0.60 (-5.4) 0.67 (-16.8) 0.86 (-31.0) 1.01 (-42.3) 22.6 22.8 
Lake Charles, LA 0.39 (39.0) 0.45 (20.6) 0.49 (13.5) 0.58 (-4.9) 0.60 (-5.6) 0.67 (-16.9) 0.86 (-31.1) 1.02 (-42.4) 23.0 23.2 
New Orleans, LA 0.40 (38.9) 0.45 (20.5) 0.49 (13.4) 0.58 (-5.0) 0.60 (-5.7) 0.67 (-17.0) 0.86 (-31.2) 1.02 (-42.5) 22.1 22.3 
Austin, TX 0.39 (41.5) 0.45 (20.6) 0.49 (16.1) 0.59 (-4.8) 0.59 (-3.1) 0.68 (-16.9) 0.85 (-28.5) 1.03 (-42.3) 29.8 30.0 
Brownsville, TX 0.39 (41.8) 0.45 (20.9) 0.49 (16.4) 0.58 (-4.5) 0.59 (-2.8) 0.68 (-16.6) 0.84 (-28.2) 1.02 (-42.0) 30.6 30.8 
Corpus Christi, TX 0.39 (42.1) 0.45 (21.3) 0.48 (16.8) 0.58 (-4.1) 0.59 (-2.5) 0.67 (-16.3) 0.84 (-27.8) 1.02 (-41.7) 29.7 29.9 
Houston, TX 0.39 (42.0) 0.45 (21.1) 0.49 (16.7) 0.58 (-4.2) 0.59 (-2.6) 0.67 (-16.4) 0.84 (-27.9) 1.02 (-41.8) 25.6 25.8 
Lufkin, TX 0.39 (41.5) 0.45 (20.6) 0.49 (16.1) 0.59 (-4.8) 0.59 (-3.1) 0.68 (-16.9) 0.85 (-28.5) 1.03 (-42.3) 26.1 26.3 
Port Arthur, TX 0.40 (35.2) 0.46 (16.9) 0.51 (9.7) 0.60 (-8.6) 0.62 (-9.4) 0.70 (-20.6) 0.91 (-34.9) 1.08 (-46.2) 22.8 23.0 
San Antonio, TX 0.39 (41.3) 0.45 (20.4) 0.49 (16.0) 0.59 (-4.9) 0.60 (-3.3) 0.68 (-17.1) 0.85 (-28.6) 1.03 (-42.5) 29.9 30.1 
Victoria, TX 0.39 (41.9) 0.45 (21.0) 0.49 (16.5) 0.58 (-4.4) 0.59 (-2.7) 0.68 (-16.5) 0.84 (-28.1) 1.02 (-41.9) 27.4 27.7 
MEA- monoethanolamine; DI- direct injection; CF- centrifuge; CFP- chamber filter press; NGD- natural gas drying; WHD- waste heat drying 
* Values in parentheses represent Net Life Cycle GHG Emissions expressed in unit of (g CO2 eq/MJ-Biomass). Values outside of parentheses represent EROIfossil. The last two columns represent water 
demand (WD). 
1 The results for the WD are presented in units of (liters/MJ-biomass). 
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 A particularly noteworthy observation from Table 3 is that EROIfossil values are relatively 
location invariant, indicating that changes in regional electricity mix and climatological factors 
are negligible as compared to other fossil energy intensive processes such as algal biomass 
drying. Although cultivation locations, such as Arizona, have significantly higher algal growth 
rates as compared to other examined locations, the energy and GHG impact of producing 
microalgal feedstock on a per MJ basis for a given production pathway is not significantly 
different amongst examined locations. However, locations with high aerial biomass productivity 
may be preferable for algae cultivation as they are capable of generating a greater amount of 
microalgal biomass feedstock per unit surface area, thus reducing potential land use impacts. 
2.5.2 Direct Water Demands 
Table 3 provides direct WDs for the examined cultivation locations. The results from Table 3 
indicate that the WDs of algae cultivation are highly sensitive to geographic location. Moreover, 
variation in production pathway has negligible effects upon the direct WDs, a trend directly 
opposite to that observed for EROIfossil and net life cycle GHG emissions. Further analysis 
indicates that evaporative losses and process water lost during the harvesting stage accounts for 
the majority of the direct WDs. Additionally, the large variance observed in the direct WDs is 
primarily due to the large variation in location specific rates of evaporation and precipitation. 
Additional details on various contributors to water demand for Phoenix, AZ is available in 
Appendix A. 
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2.5.3 Detailed Analysis: Phoenix, Arizona 
Figure 5 presents the fossil energy inputs normalized per unit of biomass energy output for 
biomass production pathways for Phoenix, Arizona.  For each production pathway, input 
indicates the amount of primary fossil energy consumed for the production of one MJ of biomass 
energy, output. The results highlight that CO2 procurement, drying, and fertilizer inputs 
constitute the largest share of the fossil energy consumption in algal biomass production. In 
addition these parameters were also found to comprise a high percentage of total life cycle GHG 
emissions in biomass production as indicated in Figure 6. 
 
   
 
 
 
 
   
Figure 5. Life Cycle Energy Analysis for Phoenix, Arizona  
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Figure 6. Life Cycle GHG Analysis for Phoenix, Arizona  
2.5.4 Pure CO2 vs. Flue Gas 
The results indicate that the use of MEA-based CO2 capture to purify industrial flue gas is energy 
intensive, primarily due to the high steam requirements for the MEA process. For Phoenix AZ, 
the primary energy required for the direct injection of industrial flue gas is equivalent to 3.3% of 
total produced bioenergy. Additionally, life cycle GHG emissions for the direct injection of flue 
gas were determined to be 2.31 g CO2 eq./MJ-biomass. While microalgae’s potential to utilize 
flue gas as a source of CO2 has been extensively cited in the literature [121, 122], it remains 
uncertain if the presence of flue gas will have detrimental effects upon the algae culture [123, 
124]. There is potential concern that industrial flue gases may contain heavy metals, which may 
pose serious problems in downstream algal biomass upgrading to transportation fuels. 
Furthermore, industrial scale operational logistics for the direct injection of flue gas have yet to 
be evaluated. Therefore, while the utilization of industrial flue gas has the potential to decrease 
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the high energy and environmental cost associated with CO2 procurement, the feasibility of 
direct injection of flue gas on an industrial scale remains questionable, and its effects upon the 
algal culture are highly uncertain.  
2.5.5 Chamber Filter Press vs. Centrifugation 
Chamber filter presses were found to be a more energy efficient method of dewatering, 
producing a higher concentration biomass (w/w) at a lower energy and environmental cost as 
compared to centrifugation. For Phoenix, Arizona, switching from centrifugation to chamber 
filter presses was found to decrease the primary energy consumption of dewatering from 
approximately 21.4% to 2.4% of total produced bioenergy and decrease related life cycle GHG 
emissions from 15.0 to 1.65 g CO2 eq/MJ-biomass, respectively. 
2.5.6 Natural Gas Based Drying vs. Waste Heat Drying 
Natural gas based drying of microalgae was determined to be a critical energy and GHG burden 
in biomass production. For scenarios utilizing chamber filer presses, the primary energy required 
for natural gas drying of the microalgae is equivalent to 73% of total produced bioenergy, 
resulting in life cycle GHG emissions of 37.55 g CO2 eq./MJ-biomass. For centrifugation-based 
pathways the primary energy required for natural gas drying is approximately 87% of total 
produced bioenergy, with corresponding life cycle GHG emissions of 44.62 g CO2 eq./MJ-
biomass. Given the high energy and environmental impacts of natural gas based drying, alternate 
and effective dewatering and drying strategies must be realized. Prior studies have suggested that 
utilizing waste heat from flue gas streams emanating from co-located power plants could be used 
to offset algal drying requirements. While the use of this waste heat could considerably decrease 
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algae’s environmental and energy impacts, the technical feasibility and practicality of such a 
system remains uncertain. Additionally, the quality of the waste heat, and thus its ability to do 
useful work, are important parameters that may constrain the effectiveness of this approach. 
2.5.7 Sensitivity Analysis 
A sensitivity analysis was conducted to examine how variations in model parameters influence 
net life cycle GHG emissions and EROIfossil for algal biomass production. Figure 7 presents 
tornado plots for EROIfossil values and net life cycle GHG emissions for Phoenix, Arizona. The 
results in Figure 7 reveal the relative importance and sensitivity of EROIfossil and life cycle GHG 
emissions to system parameters, and confirm that the cultivation and harvesting of microalgae is 
highly sensitive to algal composition, CO2 procurement, algal growth rates, and drying method. 
Furthermore, the results suggest that improvements in algae-to-energy production are likely to 
occur via greater control over algal compositional inputs and advancements in algal drying 
technologies. Model parameters for sensitivity analysis are provided in Table 4. 
 
 
 
        
Figure 7. Sensitivity Analysis for Phoenix, Arizona  
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Table 4. Critical Parameters for Sensitivity Analysis 
Sensitivity Analysis 
Parameters Low Impact Baseline High Impact 
Algal Composition 
[% Lipid/Carb/Protein] 50/40/5 20/25/50 5/20/70 
Aluminum Sulfate 
[g/m3] 80 100 250 
CO2 Procurement 
[N/A] 
Flue gas (DI) 
[-20% CO2 injected] 
Flue gas (DI) Pure CO2 (MEA) 
Dewatering 
[N/A] 
CFP 
[-20% electricity utility] CFP CF 
Drying 
[N/A] WHD NGD 
NGD 
[+20% NG consumption] 
Growth Rate 
[g/m2-day] 35 25 5 
Nutrient Uptake 
[%] 100 75 50 
Paddlewheels 
[MJ/m2-day] 36 65 180 
2.6 CONCLUSIONS 
The results of this chapter indicate that the life cycle energy and GHG performance of algal 
biomass production is highly dependent on the production pathway. Analysis reveals that 5 out 
of the 8 examined production pathways have positive net GHG emissions, while only 1 out of 
the 8 scenarios have a positive energy balance. Generally, the production of microalgae biomass 
is energy intensive (reflected in the low EROI), however, the process may be net GHG negative. 
Furthermore, the life cycle energy balance is found to be relatively location invariant. Contrarily, 
microalgae’s direct WDs were found to be highly sensitive to geographic location, primarily due 
to differences in annual precipitation and evaporation. Although regions with high biomass 
productivity are often touted as optimal locations for microalgae cultivation, they are 
characteristically found in arid regions with low-freshwater availability. Therefore, quantifying 
and evaluating the economic and environmental impacts of large scale algae production upon 
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water resources at both the regional and global level is a critical issue that needs to be addressed 
if algae is to be a commercial source of sustainable bioenergy. Issues of water scarcity, land use 
change, and land availability may prove to be the constraining factors in commercial bioenergy 
production. While the direct WD, EROIfossil, and net life cycle GHG emissions are important 
criteria for evaluating biomass feedstocks and biofuels, other sustainability indicators must also 
be considered to ensure that microalgal derived biofuels do not shift the environmental impacts 
across their life cycle from one impact category to another.   
Thermodynamic constraints dictate that downstream processing and conversion of 
biomass feedstocks into fuels may only result in further reduction of EROIfossil. Therefore, the 
EROIfossil values for biomass feedstocks may represent an upper bound, or maximum EROIfossil 
value, for fuels generated via these feedstocks. This chapter found that the majority of examined 
microalgal biomass production pathways had a negative energy balance. Subsequently, only one 
production pathway (H) yielded an EROIfossil value greater than 1, and was found to be only 
marginally energy positive and plagued with high technological uncertainty, and thus is an 
indicator that a different approach is necessary. An alternate technological route utilizing auto-
flocculation [125], cross flow filtration [126], chamber filter press, as well as natural gas based 
drying and waste heat drying for producing dried algal biomass was evaluated. Recent studies 
have suggested that cross flow filtration (CFF) is a low-energy intensive technology that can be 
used to dewater the algae culture [126], and has many advantages over conventional 
centrifugation, dissolved air and/or froth flotation [127], and pressure filtration. This 
technological route may be favorable, as it does not rely on a coagulant for biomass production 
and uses low-energy dewatering strategies. The EROIfossil and life cycle GHG emissions for this 
pathway are comparable to scenario (H), detailed results are provided in Appendix A. 
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Improvements in dewatering technologies represent one avenue to decrease microalgae’s 
high energy burden. In recent years, geo-synthetic membranes designed for containment and 
dewatering of various industrial wastes, have seen commercial application in both wastewater 
treatment and other industrial processes [128, 129]. As these geosynthetic membranes can 
provide both a low energy and low cost method for dewatering, they may have significant 
application in algae cultivation. In addition, after use, these geo-synthetic textiles can be recycled 
and may have a variety of applications in both construction and other industries. 
Researchers have suggested coupling wastewater treatment with algae cultivation to 
reduce the nutrient and freshwater inputs required for algal biomass production and resource 
inputs necessary for wastewater treatment [76, 130, 131]. While the use of wastewater for algal 
biomass cultivation could help minimize algal nutrient requirements, as well as decrease algae’s 
water footprint [86], studies suggest that waste streams may have relatively low concentrations 
of both nitrogen and phosphate and thus provide only minor fertilizer offsets [75]. Therefore, the 
potential of wastewater effluent to offset fertilizer requirements needs further evaluation and 
validation. Research has suggested that the use of saltwater algae cultures may mitigate algae’s 
water footprint, however; further research is needed to understand and quantify the potential 
tradeoffs between sourcing saltwater, land availability, proximity to CO2 source, etc. Coupling 
Geographical Information Systems (GIS) with systems analysis for a realistic evaluation of 
potential synergies between available land and waste streams (flue gas, wastewater, saltwater) 
can shed light on the feasibility of large-scale microalgal biomass production [132]. 
Anaerobic digestion of residual de-oiled biomass (post lipid extraction) has also been 
suggested as a means of increasing the energy performance of the algae-to-energy system [94, 
133]. A downfall in this process configuration is that lipid extraction of microalgae feedstock 
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with present-day commercial technology (dry extraction) requires algae to be dried to 
approximately 90% (w/w), and therefore may be constrained by the energy considerations 
presented in this study. While the allure of algae based energy is its potential to act as a 
replacement for traditional transportation fuels, natural gas production via anaerobic digestion of 
the entire algal biomass may have the potential for higher energy yields [134]. One unique 
advantage of anaerobic digestion is its ability to process wet input streams, and therefore is not 
limited by algal drying requirements. In addition, recycling of anaerobic digestate may offset a 
portion of algal nutrient requirements. However, further investigation of the life cycle 
environmental impacts and benefits of such a system is necessary before a statement can be 
issued.  
This chapter highlights the importance of systems analysis of emerging algal 
technologies. Although the need for systems analysis is understood, it receives little attention at 
early stages of research, often leading to unfounded technological exuberance and optimism. A 
systems approach with life cycle thinking can test, ground the claims, and assess the 
environmental sustainability of emerging technologies. Furthermore, systems analysis can aid in 
identifying technological bottlenecks and sources of process inefficiencies along the supply 
chain before they become embedded. While industrial symbiosis via the use of wastewater or 
industrial flue gas and various other synergies have the potential to offset algae’s high cultivation 
and harvesting costs, with each additional interdependent synergistic technology comes a level of 
complication that may challenge the performance, reliability, resilience, and viability of the 
system. The most efficient theoretical system in the end may not provide a practical solution. 
High-level evaluation of these synergistic opportunities and logistics must be performed in order 
to assess the commercial viability of algal biofuel systems. As an emerging field, there are many 
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opportunities to enhance the potential of microalgae as an energy source. Alternative production 
scenarios and technologies may have the potential to reduce the critical demands of microalgal 
biomass production, and should be considered to make algae a viable and more efficient biofuel 
alternative. 
  47 
3.0  ASSESSING THE CRITICAL ROLE OF ECOLOGICAL GOODS AND 
SERVICES IN MICROALGAL BIOFUEL LIFE CYCLES 
The following chapter is based on a peer-reviewed article published in RSC Advances with the 
citation:  
 
Zaimes, G. G. and V. Khanna, Assessing the critical role of ecological goods and services in 
microalgal biofuel life cycles. RSC Advances, 2014. 4(85): p. 44980-44990. 
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3.1 CHAPTER SUMMARY 
Microalgae bioenergy systems are gaining attention as a commercial biotechnical platform for 
producing renewable transportation fuels. In recent years, process-based LCA has been 
extensively applied to understand the life cycle environmental impacts of emerging microalgal 
biofuel systems. However, conventional process-based LCA fails to account for the role of 
ecological goods and services within fuel and product life cycles. Additionally, traditional life 
cycle energy analysis suffers from several limitations such as ignoring the difference in quality 
and substitutability of resources, and accounting for only the first law of thermodynamics. To 
address these shortcomings, a hybrid Ecologically based-LCA (EcoLCA) model is developed to 
quantify the contribution of ecological resources within the algae-to-fuel supply chain and to 
compare the resource intensity of producing microalgal derived renewable diesel (RD) to that of 
petroleum diesel (PD). Multiple thermodynamic ROI metrics and performance indicators are 
used to quantify the consumption of ecological goods and services, environmental impacts, and 
resource intensity of producing microalgal RD. Results indicate that the quality corrected 
thermodynamic return on investment and renewability index for microalgal RD ranges from 0.17 
to 0.44 and 3.51% to 6.36% respectively, depending on the choice of coproduct options and 
processing technologies. This work reveals that algae-to-fuel systems are highly dependent on 
non-renewable ecological resources reflected in their low renewability index; have a low quality 
corrected thermodynamic ROI (<1) and thus are not energetically viable; and are more 
ecologically resource intensive as compared to their petroleum equivalent—potentially negating 
their environmental benefits.  
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3.2 BACKGROUND 
Emerging issues of global climate change, domestic energy security concerns, and regulatory 
renewable fuel mandates are driving the production of low carbon biofuels [11]. However, there 
is concern that the production of first generation biofuels—fuels derived from arable crops such 
as corn or soybean may displace or compete with cropland, potentially reducing the quantity of 
food crops available for human/livestock consumption. This could have major economic 
consequences including food shortages and inflation of global food prices [21, 135]. Previous 
analysis has also shown that first generation biofuels have marginal energy returns [135] and 
provide limited greenhouse gas (GHG) emissions reductions relative to petroleum fuels [16, 17, 
136, 137]. Additionally, the production of first generation biofuels may result in increased 
ecosystems degradation including impacts on biodiversity, water, soil and forest resources [13, 
14]. Recently, liquid transportation fuels derived from microalgae have generated significant 
interest from leaders in academia, government, and industry [138]. Microalgae are considered a 
promising feedstock for conversion to liquid fuels due to their ability to capture waste carbon 
dioxide from industrial flue gas streams [139], high photosynthetic yield and lipid content [52], 
ability to be grown on marginal and non-arable land [53], and potential for achieving policy 
mandated volumetric renewable fuel targets aimed at mitigating anthropogenic derived climate 
change and increasing U.S. energy independence and security. 
In recent years, LCA has emerged as the preferential method for modeling the energy and 
environmental performance of biomass-to-fuel systems, and has been extensively applied to 
emerging microalgal biofuel and bioenergy systems [81, 84, 92-94, 140-143]. Existing LCA of 
microalgae biofuel production have focused on quantifying the life-cycle greenhouse gas (GHG) 
emissions and life cycle energy balance for different microalgal growth configurations and fuel 
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conversion pathways [56, 74, 75, 78, 83, 89, 144, 145]. Additionally, prior work has investigated 
the impact of microalgal biofuels on nutrient and water resources [80, 86, 146], and quantified 
the geospatial constraints and related impacts on microalgal fuel production [132, 147-149].  
However, traditional energy analysis suffers from several limitations such as ignoring the 
difference in quality and substitutability of different resources, and accounting for only the first 
law of thermodynamics [150-154].  Hierarchical thermodynamic based approaches and metrics 
have been suggested to address the limitations of traditional energy analysis while concurrently 
providing a methodological framework for quantifying ecological resource consumption from a 
life-cycle perspective [155-158]. However, these have not yet been applied to study emerging 
microalgal biofuels. Additionally, existing sustainability assessments have ignored the 
contribution of ecological goods and services (EGS) or natural capital within the algal biofuel 
supply chain. Natural capital extends the economic notion of capital to include goods and 
services provided by ecosystems and the natural environment, which are essential to sustaining 
human and ecological life—such as: timber, food, water, energy resources, clean air, minerals 
and ores, purification of air and water resources, flood and drought mitigation, pollination of 
crops and vegetation, maintenance of global biodiversity, as well as climate and disease 
regulation. Despite the critical importance of EGS to human and global welfare, most existing 
measures of sustainability do not account for the role/consumption of EGS within product or fuel 
life cycles [151, 155, 156]. 
3.2.1 Ecological Goods and Services 
Pre-industrial revolution, the paradigm of environmental awareness operated under the 
assumption that the global ecosphere would be able to absorb the totality of anthropogenic-
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derived pollution and resource degradation without widespread negative consequences for 
human life or the environment. However, in recent decades research has reported accelerated 
degradation of numerous ecosystem goods and services as a direct consequence of economic 
development and human activity [159]. There is increasing realization that anthropogenic-
derived environmental impacts can cause irreparable damage to the world’s ecosystems and 
strain the natural ecological functions that support human life [160].  
In 2001, the United Nations (UN) initiated the millennium ecosystem assessment 
(MEA)—an international collaboration designed to assess the impact and widespread 
consequences of environmental change for human and ecological well-being. The MEA 
developed a scientifically rigorous framework for assessing the impacts of environmental change 
in coupled dynamic socio-ecological systems, and provided guidelines for policy measures and 
human action required for the conservation and long-term sustainability of the earths biosphere 
[1]. Published in 2005, the findings of the MEA indicate that in the second half of the 20th 
century anthropogenic-derived resource degradation and overconsumption of natural capital have 
changed ecosystems more rapidly and extensively than in any comparable period in human 
history [1]. Results from the MEA study indicate that 6 out of the 11 global ecological 
provisioning services, 7 out of the 10 ecological regulating services, and 2 out of the examined 3 
ecological cultural services have been severely degraded over the past 50 years. Furthermore, the 
results of the MEA indicate that anthropogenic derived environmental impacts have resulted in 
loss of global biodiversity, and may impair the ability of the planet’s ecosystems to sustain 
human life. Clearly, it is imperative that sustainability assessments consider the consumption of 
ecological goods and services within biofuel life cycles at early stages of research and 
development, so as to avoid or mitigate any potential widespread negative impacts for human 
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and global ecological welfare that may result as a consequence of full-scale commercialization of 
these fuels. 
3.3 HYBRID ECOLOGICALLY-BASED LCA METHODOLOGY 
EcoLCA is an environmentally extended input-output model capable of accounting for the 
consumption/role of ecosystem goods and services in a life cycle framework [150, 153, 161]. 
This work extends the EcoLCA framework developed by Bakshi and colleagues to study the 
environmental sustainability of emerging microalgal biofuel systems [155, 156]. The hybrid 
framework developed in this study utilizes the 2002 EcoLCA model to quantify 
ecosystem/economy wide impacts, while a detail process inventory is used to assess direct 
material, energy, and ecological impacts of biofuel production. By integrating process and 
EcoLCA models, we quantify the total life cycle impacts of microalgal biofuel production. 
Figure 8 presents an overview of the hybrid EcoLCA framework utilized in the present study.  
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Figure 8. Hybrid EcoLCA Framework for Microalgal Biofuel Production  
 
In this chapter, a hybrid EcoLCA model is developed to quantify the contribution of 
ecological resources within the algae-to-fuel life cycle, and to compare the resource intensity of 
producing microalgal derived renewable diesel and biodiesel to that of traditional petroleum 
diesel. Furthermore, a host of hierarchical thermodynamic metrics is utilized to address the 
shortcomings of existing life cycle energy analysis and provide novel insights into the 
environmental performance and sustainability of emerging microalgal biofuel systems. 
Renewable diesel also known as “green diesel” is an infrastructure compatible biofuel produced 
via hydrotreating of algal lipids. RD is attractive as a fuel product because of its high energy 
density, cetane number, and storage stability [162]. Furthermore, RD is fungible with petroleum 
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diesel and as such can be used in current commercial vehicle fleets and fuel infrastructure. This 
chapter provides an in-depth analysis of microalgal derived RD; results for microalgal biodiesel 
are provided in Appendix B.  
3.3.1 Process Model 
A detailed process model was developed to quantify the direct material, energy, and ecological 
inputs for producing algal derived renewable diesel and biodiesel via a theoretical integrated 
open raceway pond (ORP) biorefinery operating in Phoenix, AZ [144, 147]. Two technological 
routes, baseline and improved scenarios, spanning a large feasibility space were evaluated for 
biofuel production. Baseline scenarios represent current commercial day refining and processing 
technologies, while improved scenarios represent technological options which have undergone 
pilot scale experimentation but whose feasibility on a commercial scale has yet to be determined. 
Algal growth rates were developed based on monthly average meteorological and climate 
parameters obtained from the NSRD [101] and NOAA [163] as well as biomass composition and 
photosynthetic efficiency terms [52, 70, 147]. The fractional composition of the algal biomass 
was assumed to be 25% lipids (L), 28% carbohydrates (C), and 47% proteins (P) [70]. The 
molecular composition of the biomass fractions was constructed based on the work of Lardon et 
al. 2009 [94]. It was assumed that the integrated ORP biorefinery operates for eight months out 
of the calendar year. Furthermore, the biorefinery is constructed on a 1000 hectare plot of land in 
which 500 hectares are allocated for open raceways ponds and 500 hectares for infrastructure 
requirements.  
The modeled biomass-to-biofuel production chain consists of the following sub-modules: 
cultivation, CO2 procurement, primary harvesting, secondary harvesting, drying, lipid extraction, 
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coproduct and fuel conversion, and transportation. An overview of the biomass-to-fuel process 
chain along with technological routes examined in this work is provided in Figure 9. 
 
         
Figure 9. Microalgae-to-Fuel Process Chain  
 
It was assumed that the algal biorefinery would be co-located with a natural gas (NG) 
fired power plant, which would provide industrial flue gas as a carbon source for algal growth. In 
the biomass-to-biofuel model, two process options are evaluated for CO2 procurement. In the 
baseline scenario(s) industrial flue gas is separated into pure CO2 via monoethanolamine 
scrubbing, this pure CO2 is then compressed and injected into the algae ponds. In the improved 
scenario(s) industrial flue gas is directly compressed from the NG fired powerplant and pumped 
into the ORP via low-pressure blowers. Process energy requirements for flue gas/CO2 
compression and transportation were constructed based on the work of Kadam 2002 [109]. While 
the use of industrial flue gas may reduce the high resource and energy demands associated with 
CO2 procurement, there is high technological uncertainty regarding the feasibility of direct 
injection of industrial flue gas and its effects on the microalgal culture [123, 164, 165]. 
Inputs for the cultivation of microalgae include: sunlight, freshwater, high density 
polyethylene (HDPE) pond liner, urea (N-fertilizer), super phosphate (P-fertilizer), potassium 
chloride (K-fertilizer), industrial flue gas, and electricity required for pumping and water 
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movement as well as for the compression and transportation of industrial flue gas/CO2. It was 
assumed that a HDPE pond liner would be used to line the ORP [80], and paddlewheels are 
utilized for circulating the algal growth medium. Energy requirements for sourcing 
ground/surface water were developed based on the 2008 Farm and Ranch Irrigation Survey 
[166]. Energy requirements for circulation of pond medium and pumping between various 
system components was developed based on the Darcy-Weisbach equation.  Additionally, factors 
such as water loss due to evaporation, pond leaking, pond blowdown, as well as the embodied 
impacts of the HDPE pond liner are also considered in the algae-to-fuel model [147].  
After cultivation, the algal biomass undergoes chemical flocculation via the addition of 
aluminum sulfate. In the baseline scenario the flocculated algae is further dewatered via a 
decanter centrifuge, resulting in a solids content of 22% (w/w). In the improved scenarios 
chamber filter presses are utilized as a means of dewatering the biomass; resulting in a final 
solids content of 25% weight by weight (w/w). It was assumed that the environmental impacts 
for the membrane replacement/regeneration are negligible as compared to operating costs, and 
thus was not considered in the analysis. Process requirements for the harvesting stage were 
developed based on prior pilot scale tests as well as peer-reviewed and technical literature [167-
169]. Post harvesting, in the base-case scenario thermal dewatering via combustion of natural gas 
is performed to dry the algal slurry to a 90% solids content [94]. Hexane extraction is then 
utilized to separate the non-lipid and lipid fraction(s) of the algal biomass. In the improved 
scenario(s), liquid-liquid (wet) extraction via countercurrent circulation of n-hexane is utilized to 
separate the lipid and non-lipid fractions of the biomass [144, 170]. In both technological routes, 
the extracted lipids are either hydrotreated using hydrogen to produce algal derived renewable 
diesel as well as coproduct propane or transesterified to produce algal biodiesel and coproduct 
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glycerin. Three process options are considered for the non-lipid fraction of the algal biomass: (1) 
use as an animal feed, (2) anaerobic digestion of residual de-oiled biomass (RDB) to produce 
bioelectricity as well as biofertilizer, and (3) cogeneration of RDB via combined heat and power 
(CHP) to produce bioelectricity and heat. Efficiencies were considered at each stage in the algae-
to-fuel process chain including: 75% nutrient uptake efficiency [147], 70% CO2 utilization 
efficiency [83], 5% harvesting product loss for centrifugation and chamber filter presses [56], 
90% process medium recycling for 1st and 2nd stage harvesting [86], 95% lipid extraction and 
conversion efficiency for wet extraction pathways [170] and 97% lipid extraction and conversion 
efficiency for dry extraction pathways [171], 5% nitrogen volatilization for recycling of liquid 
anaerobic digestate [170], and a 25% electrical and 56.3% heat conversion efficiency for 
combustion of RDB in a combined heat and power plant [172]. Detailed process level inventory 
and model parameters are provided in Appendix B. 
3.3.2 EcoLCA Model 
The EcoLCA model is constructed based on the 2002 input-output (IO) model of the U.S. 
economy[155, 156].  Input-output models, first developed by Nobel laureate Wassily Leontief, 
provide a mathematical framework for quantifying the inter-industry transactions between 
different sectors in an economy or a region. The EcoLCA model extends the I-O framework to 
quantify the direct and indirect environmental impacts that result from economic activities via 
translating the monetary flows of purchased inputs from the economy to ecological and natural 
resource consumption, emissions, land-use, and other environmental impact categories via the 
use of monetary to resource use or emission ratios for industrial sectors [173]. As such, 
information regarding sector-wide economic activity is required to run the EcoLCA model. The 
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economic activity for specific industrial sectors was calculated by translating the resource flows 
as developed in the process inventory with their corresponding 2002 producer price and 
aggregating the results. If the 2002 producer price was not available a price inflator was used to 
convert to the 2002 price equivalent [174]. Additionally, EcoLCA does not consider the use 
phase of purchased inputs from the economy as well as direct ecological good and services that 
are consumed at the process scale [150]. Therefore, economy wide environmental impacts 
obtained from EcoLCA must be integrated with environmental burdens at the process scale to 
obtain data on a life-cycle basis. Price data for inputs, as well as detailed material and energy 
flows are provided in Appendix B.  
3.3.3 Thermodynamic Return on Investment 
A host of metrics has been utilized in LCA to quantify and compare the energy intensity of 
producing transportation fuel(s) from petroleum and biomass feedstocks [85, 175, 176]. 
Traditional energy metrics, such as EROI, compare the quantity of primary energy required to 
produce a functional unit of transportation fuel energy—evaluated over the life cycle [19, 177, 
178]. As the primary function of biofuels lies in their utility to displace petroleum-derived liquid 
fuels, a fossil-based EROI metric is relevant for measuring and benchmarking the performance 
and sustainability of emerging microalgal biofuel systems. In this chapter, EROIfossil is defined as 
the ratio of output fuel energy to the non-renewable primary energy required for its production, 
and is provided in equation 2. 
 
 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  (𝐿𝐿𝑓𝑓𝐿𝐿𝐿𝐿𝐿𝐿 𝐻𝐻𝐿𝐿𝐻𝐻𝐻𝐻𝑓𝑓𝐻𝐻𝐻𝐻 𝑉𝑉𝐻𝐻𝑓𝑓𝑉𝑉𝐿𝐿 𝑥𝑥 𝑀𝑀𝐻𝐻𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓 𝐵𝐵𝑓𝑓𝑓𝑓𝑓𝑓𝑉𝑉𝐿𝐿𝑓𝑓)∑𝑁𝑁𝑓𝑓𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝑁𝑁𝑓𝑓𝐿𝐿 𝑃𝑃𝐿𝐿𝑓𝑓𝑃𝑃𝐻𝐻𝐿𝐿𝑃𝑃 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝑃𝑃    (2) 
 
  59 
Common energy metrics such as EROI and variants are often used due to their intuitive 
appeal and ease of comparison with existing studies. However, these traditional energy metrics 
implicitly assume that all forms of primary energy are fungible, i.e. the heating value of different 
primary energy resources such as crude oil, coal, natural gas, uranium, solar, wind, tidal, 
biomass, and geothermal are perfectly substitutable, have the same work-potential, and thus may 
be added together and represented via a single aggregate metric [179]. This traditional 
aggregation of different primary energy sources has several limitations including: (1) accounting 
for only the first law of thermodynamics, (2) assuming perfect substitutability between resources, 
and (3) failing to account for resource quality; and thus has led some researchers to question the 
utility of the resulting metrics and their ability for informing decision making [179]. 
Exergy analysis has been proposed and utilized to address some of these shortcomings 
[152]. Exergy represents the maximum amount of useful work that can be extracted from a 
system (or resource) when it is brought into thermodynamic equilibrium with the surrounding 
environment or reference state [152]. The presence of exergy destruction in a system indicates 
the possibility of a thermodynamic improvement; thus exergy analysis has been widely used in 
process engineering for optimizing industrial operations and commercial processes [152]. Exergy 
is appealing from a methodological standpoint since it considers both the first and second law of 
thermodynamics, and can aggregate material and energy resources using a common denominator 
(joules). As such, aggregating primary energy sources based on exergy provides a better 
representation of the ability of these resources to produce useful work—as compared to energy. 
The quantity of exergy consumed throughout the industrial supply chain is defined as the 
Industrial Cumulative Exergy Consumption (ICEC)[151, 152, 173]. Analogous to EROIfossil, the 
fossil exergy return on investment (ExROIfossil) for a fuel is defined as the ratio of output exergy 
  60 
of the fuel product to the non-renewable ICEC required for its production and is provided in 
equation 3: 
 
                            𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝐸𝐸𝑥𝑥𝐿𝐿𝐿𝐿𝐻𝐻𝑃𝑃 𝑓𝑓𝑓𝑓 𝐵𝐵𝑓𝑓𝑓𝑓𝑓𝑓𝑉𝑉𝐿𝐿𝑓𝑓∑𝑁𝑁𝑓𝑓𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝑁𝑁𝑓𝑓𝐿𝐿 𝐼𝐼𝐼𝐼𝐸𝐸𝐼𝐼                                              (3) 
 
While traditional exergy analysis overcomes many of the shortcomings of energy 
analysis, it does not account for the quality of different energy or material resources, nor does it 
consider the contribution of ecosystems in making ecological goods and services available for 
human and industrial activities. As natural capital provides the basis for human made capital, 
quantifying the consumption of ecological goods and services across the life cycle is critical for 
determining the sustainability of emerging microalgal biofuels.      
Odum developed a methodological framework built upon principles and concepts from 
thermodynamics, general systems theory, and systems ecology to understand the dynamic 
transformation of energy and resource flows within human-ecological systems, in what is 
formally known today as emergy [180]. Odum observed that, in regards to the ‘global energy 
budget’, incident solar exergy becomes concentrated in as it flows through human-ecological 
systems. Analogous to energy pyramids commonly used in traditional ecological and food-chain 
modeling, emergy analysis posits that a hierarchical energy structure exists in human-ecological 
systems in which dilute sunlight is converted to plant matter, from plant matter to coal, from coal 
to oil, to electricity and other products, and finally to human made goods and services [181]. 
Therefore, the utility of a resource as well as the ability of an energy carrier to provide useful 
work are measured in respect to both quantity (MJ, kWh, BTU, kg, etc.) and quality—the 
amount of available energy of one kind of a lower grade required to develop the higher grade 
[181]. Emergy is formally defined as “the amount of available energy of one kind that is used up 
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in transformations directly and indirectly to generate a product or service”, and is typically 
expressed in terms of solar equivalent joules (sej) [180]. Emergy analysis provides an objective 
basis for comparing energy and material resources by assessing the direct and indirect past solar 
energy required for their production. The ratio of emergy input to exergy output of a product or 
service is defined as transformity, expressed in equation 4. 
 
                                            Transformity =  Emergy Input
Exergy Output                                           (4) 
 
By definition transformity evaluates the amount of emergy required to create a unit of 
available energy (exergy) of another form. As such, transformity provides a quantitative measure 
for determining and ranking the quality of different energy and material resources. The amount 
of past solar exergy that is consumed throughout the ecological and industrial supply chain is 
referred to as ecological cumulative exergy consumption (ECEC), and is equivalent to emergy if 
the same system boundary and accounting procedures are chosen [151]. Furthermore, a fuels 
emergy return on investment (EmROI), analogous to the prior return on investment (ROI) 
metrics, is defined below in equation 5. 
 EmROI =  (Exergy of Biofuel) x τmax
∑ECEC                                        (5) 
 
Where τmax is the maximum transformity for fuels with the same functionality or 
usefulness, and is used to adjust for the quality of the output fuel exergy so that it is comparable 
to other products within the same functional group or class [153]. In this study, the transformity 
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of petroleum diesel is used for τmax. EmROI represents the amount of quality-adjusted 
thermodynamic work potential generated per unit work (sej) invested via the economy.   
While the emergy methodology has distinct advantages over traditional energy and 
exergy analysis, uncertainty in reported transformity values and misperception regarding emergy 
accounting has limited its widespread adoption [182]. Nevertheless, emergy intrinsically 
considers differences in the quality and substitutability of resources, and provides a consistent, 
scientifically rigorous, and eco-centric framework for valuing the contribution of ecological 
processes and natural capital [183]. However, as energy, exergy, and emergy analysis all offer 
unique insights regarding the sustainability of a product or service, a hierarchy of sustainability 
and performance indicators based on these thermodynamic metrics may be preferable. 
3.3.4 Thermodynamic Sustainability Metrics 
In this chapter a variety of thermodynamic return on investment metrics, sustainability 
indicators, and renewability indices based off of energy, exergy and emergy analysis are used to 
quantify the consumption of ecological goods and services, environmental impacts, and resource 
intensity of producing microalgal derived fuels. Several performance metrics based on ECEC 
analysis including: ECEC Yield Ratio (EYR), Environmental Loading Ratio (ELR), Yield-to-
Loading Ratio (YLR), and Renewability Index (R) are used to assess the sustainability of 
transportation fuel production and are formally defined and summarized in Table 5. 
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Table 5. ECEC based Sustainability Performance Metrics 
Performance Metrics Formula Definition and Implications 
Direct Inputs (DI)  ECEC of direct inputs from nature. For microalgal biofuel systems direct inputs include: sunlight, water, 
and photosynthetic CO2. 
Indirect Inputs (II)  ECEC of purchased inputs from the economy. For microalgal biofuel systems purchased inputs from the 
economy includes fertilizers, electricity, natural gas, wastewater treatment, hexane, hydrogen, diesel, 
HDPE pond liner, and other material and energy products considered in the biomass-to-fuel process chain. 
Inputs from Non-
Renewable Resources 
(NR) 
 ECEC of direct and purchased inputs from non-renewable resources. Includes direct and indirect ECEC 
consumed via metallic ores: Fe, Cu, Cr, Au, Pb, Zn, Ag, Mo, Ti, Al; sand and stone; non-metallic ores: 
apatite, clay, gypsum, feldspar, garnet, potash, salt, soda ash, diatomite, barite, talc, pumice, perlite, mica, 
quick lime, and other non-metallic ores; and non-renewable energy: nuclear, coal, natural gas, and crude 
oil. 
Inputs from Renewable 
Resources (REN) 
 ECEC of direct and purchased inputs from renewable resources. Includes direct and indirect ECEC 
consumed via ecological regulation and maintenance services: detrital matter, photosynthetic CO2, 
pollination, nitrogen and phosphorous mineralization, nitrogen deposition from the atmosphere; ecological 
provisioning services: wood, fish, soil, grass, water; and renewable energy: hydropower, wind, 
geothermal, and sunlight. 
Yield (Y)  Sum of ECEC consumed from purchased inputs from the economy and ECEC of direct inputs from nature. 
Yield is equivalent to the sum of direct and indirect renewable and non-renewable ECEC consumed in the 
ecological supply chain. 
ECEC Yield Ratio (EYR)  Ratio of total ECEC to ECEC embodied in purchased inputs from the economy. The EYR indicates how 
much work is invested by the economy in converting natural resources into goods and services. A large 
EYR (>1) indicates that less ECEC is provided via purchased inputs from the economy relative to direct 
inputs from the nature in the production of a good or service. 
Environmental Loading 
Ratio (ELR) 
 Ratio of ECEC of inputs from non-renewable resources to ECEC of inputs from renewable resources. ELR 
provides a measure of the stress on the environment due to a transformation or process. Values for ELR 
greater than unity indicate there is a higher reliance on non-renewable resources as compared to renewable 
resources. Thus, an ELR less than one is desired as it indicates that a product or services is more 
dependent on renewable resources. 
Yield-to-Loading Ratio 
(YLR) 
 Ratio of ECEC yield ratio to environmental loading ratio. The ratio of the yield ratio to environmental 
loading ratio has been suggested as an index for determining the sustainability of a product or service. 
YLR considers the contribution of a resource or process to the economy per unit of environmental loading, 
thus an YLR value greater than one is preferred. 
Renewability Index % (R)  Ratio of renewable ECEC to Yield. Renewability Index provides a measure of the relative contribution of 
renewable ecological resources in the production of a product or service.  
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3.4 RESULTS AND DISCUSSION 
Figure 10 presents thermodynamic return on investment metrics for the production of microalgal 
RD via current day commercial technologies (baseline scenarios) and optimistic future 
technologies (improved scenarios) under several coproduct scenarios, and compares the results 
with petroleum diesel. For EROIfossil, ExROIfossil, or EmROI a value greater than one is desirable 
as it indicates that more work is produced per functional unit via the fuel system relative to the 
work invested for its production. Comparison of these thermodynamic metrics across multiple 
microalgal biofuel processing technologies and coproduct options provides unique perspectives 
on the performance and environmental sustainability of current and future microalgal biofuel 
systems at both the industrial and coupled industrial-ecological scale. 
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Figure 10. Thermodynamic Return on Investment Metrics. Error Bars for Baseline and Improved Scenarios 
Represent the Results for High (40% L / 50% C / 10% P) and Low Lipid (10% L / 20% C / 70% P) biomass 
composition. Error bars for Petroleum Diesel represent the range obtained via market and mass based allocation. 
 
The results reveal that current day microalgal RD production has a low return on 
investment (ROI<1) for all examined thermodynamic metrics and coproduct scenarios, and is a 
consequence of the exceedingly resource intensive stages in the algae-to-fuel process chain: 
including the high energy requirements for water circulation and pumping in the ORP system 
[80], dewatering and harvesting operations [184], high upstream impacts of synthetic fertilizers 
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[76], CO2 procurement [147], and drying. Future and optimistic processing technologies 
(improved scenarios) offer superior ROI but are plagued with high technological uncertainty as 
these scenarios have yet to be effectively demonstrated at a commercial scale. Error bars for 
baseline and improved scenarios represent the results for high (40% L / 50% C / 10% P) and low 
lipid (10% L / 20% C / 70% P) biomass composition, while error bars for petroleum diesel 
represent the range obtained via market and mass based allocation. The results from Figure 10 
indicate only one of the evaluated RD production pathways yields an EROIfossil greater than one 
(improved scenarios utilizing CHP). However, analysis reveals that by correcting for the 
availability of the energy (i.e. ExROIfossil) the resulting ROI is less than unity. This value is 
further lowered when correcting for the quality of resources (i.e. EmROI). These results are 
compelling as they suggest that after accounting for the quality of resources, more useful work is 
invested via the economy in producing microalgal fuels than useful work generated from these 
fuels.  
Although traditional energy metrics such as EROI are commonly used in the fuel and 
energy literature, this work has shown that these metrics fail to accurately measure the amount of 
useful work generated via microalgal biofuel systems as well as adequately quantify the amount 
of past ecological work required for their production, thus producing misleading and erroneous 
results regarding the environmental sustainability and performance of these fuel systems. These 
findings are significant, as traditional energy metrics such as EROI are frequently utilized to 
guide the course of fuel and energy policy and the sustainable adoption of fuel and energy 
resources.  
The results from Figure 10 reveal that petroleum diesel is thermodynamically superior to 
microalgal RD as indicated by its high ROI across all thermodynamic metrics relative to 
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microalgal fuels. The high ROI for petroleum diesel is a direct consequence of the fact that 
nature has performed most of the past work in making these resources available for human 
consumption. The low ROI for microalgae biofuels reflects the highly engineered and resource 
intensive nature of microalgal fuel production and has broad sustainability implications, as the 
large scale adoption of alternative fuels with lower ROI relative to petroleum transportation fuels 
could have long-standing societal consequences [95, 185] as a greater portion of useful work 
must be diverted from the economy for fuel production and thus cannot be used to sustain other 
economic activities.  
Figure 11 plots the fractional contribution of energy, ICEC, and ECEC by ecological 
resource type for microalgal RD production under different coproduct options and compares the 
results to petroleum diesel. Figure 11 shows that natural gas, coal, sunlight, and crude oil 
contribute the majority of total energy consumption in the algae-to-fuel supply chain, with 
similar trends found across the evaluated coproduct scenarios. ICEC analysis expands upon 
traditional energy analysis to consider both energy and material inputs; this is evident from the 
contribution of metallic and non-metallic ores, water, and other material inputs to overall 
resource consumption. However, the contribution of these resources is still small relative to other 
ecological resources (such as natural gas, coal, etc). As shown in Figure 11, the contribution of 
‘low-quality’ resources such as sunlight have a significant impact on overall resource 
contribution in traditional energy and exergy analysis. This is a direct consequence of the fact 
that low quality resources are weighted equitably with other energy and natural resources in 
traditional energy and exergy analysis. However, emergy analysis corrects for the quality of 
resources by comparing them in terms of their solar equivalence. As such, their contribution is 
minimal when evaluated from an emergy perspective. Furthermore, resources of higher quality 
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(high transformity) such as metallic and non-metallic ores are found to comprise a larger fraction 
of total ecological resource contribution when evaluated via ECEC analysis. The results from 
Figure 11 show that crude oil constitutes over 85% of total resource consumption in energy, 
ICEC, and ECEC analysis of petroleum diesel production. As such, petroleum diesel requires 
less work from the economy for conversion to transportation fuel compared to microalgal 
biofuels, as the majority of past work has been provided by nature via the formation of crude oil. 
Consequently, this results in a higher ROI for petroleum diesel relative to microalgal renewable 
diesel. 
 
 
                    
Figure 11. Fractional Contribution of total Energy, ICEC, ECEC by Ecological Resource for Microalgal 
Renewable Diesel and Petroleum Diesel 
 
Table 6 provides an overview of the ECEC sustainability and thermodynamic 
performance metrics for the scenarios considered in this work. The results show that petroleum 
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diesel has a high ECEC yield ratio as a larger amount of past work has been performed by nature 
in producing crude oil as compared to the direct and indirect solar exergy of purchased inputs 
from the economy required for its extraction, refining, etc. However, microalgal biofuels require 
substantial material and energy inputs from the economy, and a comparatively minimal amount 
of past work from direct ecological good and services (direct sunlight, freshwater, and 
photosynthetic CO2). As such, the EYR for petroleum diesel is larger than that of microalgal 
derived renewable diesel. The results from Table 6 reveal that petroleum diesel has a low 
renewability index and low YLR, indicating that these fuels are not sustainable in the long-term. 
Additionally, the results indicate that production of microalgal biofuels is highly dependent on 
non-renewable ecological resources reflected in the low renewability index and YLR, and high 
ELR. The high ELR for microalgal derived RD (ELR>1 for all examined production pathways) 
indicates that more non-renewable ECEC is utilized in the algal-to-fuel supply chain as 
compared to renewable ECEC. Additional results for microalgal-derived biodiesel are provided 
in Appendix B. 
 
 
Table 6. Comparison of ECEC thermodynamic performance metrics for microalgal renewable diesel and petroleum 
diesel 
Transportation Fuel Petroleum Diesel 
Microalgal RD 
(Baseline) 
Microalgal RD 
(Improved) 
Coproduct Scenarios N/A AF AD CHP AF AD CHP 
Renewability Index (%) 0.13 3.62 3.51 3.63 6.34 6.23 6.36 
ECEC Yield Ratio 6.34 1.02 1.02 1.02 1.04 1.04 1.04 
Environmental Loading Ratio 760.19 26.62 27.53 26.57 14.78 15.06 14.72 
Yield-to-Load Ratio 0.01 0.04 0.04 0.04 0.07 0.07 0.07 
Animal Feed (AF); Anaerobic Digestion (AD); Combined Heat and Power (CHP) 
  
Figure 12 plots the ratio of ecological resource intensity of producing microalgal 
renewable diesel relative to petroleum diesel for a common functional unit, 1 mega-joule (MJ). 
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The results indicate that microalgal RD consumes significantly more metallic/non-metallic ores 
and water resources, and generally have higher ecological resource intensity as compared to 
petroleum diesel on a functional unit basis. For animal feed pathways microalgal RD provides 
benefits in the following ecological resources categories: crude oil, crushed ore, grass, sunlight, 
phosphorus and nitrogen mineralization, nitrogen deposition, detrital matter, soil erosion, fish, 
relative to petroleum diesel. For anaerobic (AD) and combined heat and power (CHP) coproduct 
scenarios, microalgal derived renewable diesel has higher ecological resource consumption 
relative to petroleum diesel across all resource categories except for crude oil and natural gas. 
These findings are startling and suggest that the large-scale adoption of microalgae biofuels 
could result in heightened ecosystem degradation, potentially negating the environmental 
benefits of these fuels. It is important to note that ECEC analysis considers energy and resource 
flows in complex coupled industrial-ecological systems, and thus has a high degree of 
uncertainty relative to traditional energy and exergy analysis. Coupling the results obtained via 
EcoLCA with dynamic ecological modelling [186] can provide a spatially and temporally 
explicit framework for quantifying the contribution of ecosystems goods, and potentially reduce 
uncertainty in the quantification of direct ecological goods and services. However, such an 
analysis is beyond the scope of this present study. Methods such as economic valuation of 
natural capital provide an alternative basis for valuing the contribution of EGS [187]. However, 
economic valuation is sensitive to market distortions and price volatility, and may not capture 
environmental externalities. Furthermore, economic valuation intrinsically considers the value 
added via a service or resource in regards to its utility for mankind. This anthro-centric 
framework is diametrically opposed to the eco-centric framework utilized in ECEC or emergy 
analysis. 
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Figure 12. Ecological Resource Intensity of Producing Microalgal RD Relative to Petroleum Diesel. 
Resource Intensity ratios were developed via taking the ratio of ECEC of resources required to produce one MJ of 
RD to the ECEC required to produce on MJ of PD. Coproduct(s) were accounted for via system boundary 
expansion, i.e. ECEC from coproduct(s) were subtracted from total resources use.  Some columns are not shown due 
on the logarithmic graph due to negative value(s) that occur as a result of displacement. 
  
Two strategies exist to enhance the performance and sustainability of microalgal biofuels: 
(1) reduce the amount of purchased inputs from the economy required for microalgal fuel 
production, or (2) leverage natural ecological processes to increase the amount of past work 
provided by nature in making microalgal biofuels available for human consumption. The first 
option can be met with increases in technological maturation and commercial optimization of 
algae-to-fuel conversion processes. Multiple strategies such as genetic modification [188], 
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hydrothermal liquefaction [189, 190], cross flow and membrane based filtration/separations 
[126], and industrial symbiosis [82] via the use of wastewater [191, 192] and other synergies are 
being explored for increasing the performance of emerging microalgal biofuel systems. 
However, it is important to recognize that microalgae biofuel production is ultimately 
constrained via the 2nd law efficiency, i.e. the minimum thermodynamic work required for fuel 
production [193]. For the second option, it is possible to envision a scenario in which microalgae 
are consumed via predators at a higher trophic level in the ecological food chain (such as fish). 
Assuming that the lipid fraction of the microalgae be absorbed and retained via these predators, it 
may be possible to harvest and utilize these organisms for conversion to liquid transportation 
fuels [194], effectively allowing nature to perform the work traditionally required via energy 
intensive dewatering and conversion processes. Additionally, alternate microalgal processing 
options such as solar drying of the biomass may reduce the amount of human made work 
required for biofuel production. However, the high land-use requirements for solar drying may 
limit its commercial applicability. 
3.5 CONCLUSIONS 
Failure to consider the impacts of emerging technologies on ecological goods and services before 
their widespread adoption and use could result in unsustainable choices and dramatic 
consequences for the earth’s ecosphere including heightened depletion and degradation of the 
global ecological resource base, potentially straining the ecological functions that support human 
life. Thermodynamic analysis based on exergy and emergy provides a scientifically rigorous 
approach for valuing the contribution of ecological goods and services in product life cycles, and 
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concurrently addresses several existing problems in traditional energy analysis including 
accounting for the quality, substitutability, and useful work provided via material and energy 
resources. This chapter highlights the misconceptions of traditional energy analysis, and shows 
that exergy and emergy analysis can provide valuable insights into the sustainability and 
performance of emerging microalgal biofuel systems. This work has shown that in the best-case 
scenario microalgal fuel systems are marginally energy positive, and more ecologically resource 
intensive as compared to their petroleum equivalent on a functional unit basis. However, 
technological maturation and optimization of the algae-to-fuel production chain as well as 
coupling microalgal biofuel production with ecological processes have the potential for reducing 
the amount of human made work required for biofuel production while concurrently increasing 
the sustainability of these emerging fuel systems. The hierarchical thermodynamic-based 
resource aggregation scheme utilized in this work can be extended to other nascent fuel and 
energy platforms and thus help guide the sustainable development and adoption of next-
generation biofuels. 
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4.0  BIOFUELS VIA FAST PYROLYSIS OF PERENNIAL GRASSES: A LIFE 
CYCLE EVALUATION OF ENERGY CONSUMPTION AND GREENHOUSE GAS 
EMISSIONS 
The following chapter is based on a peer-reviewed article published in Environmental Science & 
Technology with the citation:  
 
Zaimes, G. G.; Soratana, K.; Harden, C. L.; Landis, A. E.; Khanna, V., Biofuels via Fast 
Pyrolysis of Perennial Grasses: A Life Cycle Evaluation of Energy Consumption and 
Greenhouse Gas Emissions. Environmental Science & Technology, 2015. 49(16): p. 
10007-10018. 
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4.1 CHAPTER SUMMARY 
A Well-to-Wheel (WTW) life cycle assessment (LCA) model is developed to evaluate the 
environmental profile of producing liquid transportation fuels via fast pyrolysis of perennial 
grasses: switchgrass and miscanthus. The framework established in this study consists of: (1) an 
agricultural model used to determine biomass growth rates, agrochemical application rates, and 
other key parameters in the production of miscanthus and switchgrass biofeedstock; (2) an 
ASPEN model utilized to simulate thermochemical conversion via fast pyrolysis and catalytic 
upgrading of bio-oil to renewable transportation fuel. Monte Carlo analysis is performed to 
determine statistical bounds for key sustainability and performance measures including life cycle 
GHG emissions and EROI. The results of this work reveal that the EROI and GHG emissions 
(gCO2e/MJ-fuel) for fast pyrolysis derived fuels range from 1.52 to 2.56 and 22.5 to 61.0 
respectively, over the eight scenarios evaluated. Further analysis reveals that the energetic 
performance and GHG reduction potential of fast pyrolysis-derived fuels are highly sensitive to 
the choice of coproduct scenario and LCA allocation scheme, and in select cases can change the 
life cycle carbon balance from meeting to exceeding the renewable fuel standard emissions 
reduction threshold for cellulosic biofuels.   
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4.2 BACKGROUND 
The threat of climate change is considered to be one of the most critical and far-reaching global 
challenges facing the U.S. and the world. Fuels derived from biomass resources represent a 
promising option for mitigating anthropogenic carbon emissions and related climate change 
impacts, while concurrently providing a potential large-scale domestic source of renewable 
transportation fuel and energy [22]. Subsequently, this has prompted the development of U.S. 
regulatory programs designed to increase domestic energy independence and security as well as 
mitigate GHG emissions from the transportation sector via establishing mandatory volumetric 
production targets and carbon reduction criteria for transportation fuels derived from biomass. In 
2007 the U.S. congress passed the Energy Independence and Security Act (EISA), this 
legislation mandates the production of 36 billion gallons of renewable fuels by the year 2022, 
and stipulates that a percentage must be derived from conventional, cellulosic biofuel, biomass-
based diesel, and advanced biofuels [11]. Additionally, EISA sets minimum life cycle GHG 
reduction standards for biofuels relative to baseline-petroleum fuels. Currently, corn based 
ethanol and soybean biodiesel are the most widely produced and utilized biofuels in the US 
[195]. However, critical concerns have been raised about the potential of corn ethanol and other 
first generation biofuels in mitigating climate change and reducing dependence on fossil fuels. 
Previous work has reported that the direct and indirect land use change (LUC) effects may 
possibly negate the carbon dioxide reduction potential of first generation biofuels  [16, 17, 136]. 
Accordingly, the production of liquid fuels derived from non-food biofeedstocks such as forest 
and agricultural residues, industrial wastes, herbaceous crops, and microalgae [144, 147, 196, 
197] has garnered widespread attention [9]. Fast growing perennial grasses such as miscanthus 
and switchgrass are considered an ideal candidate for conversion to biofuel/bioenergy due to 
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their high growth rates over a variety of soil conditions/types, ability to be cultivated and 
harvested utilizing conventional farming practices, and minimal nutrient requirements relative to 
other leading biofeedstocks [198, 199].  
Substantial research and development has been invested in developing next generation 
hydrocarbon bio-refineries capable of converting lignocellulosic biomass into infrastructure-
compatible liquid transportation fuels, i.e. biomass derived fuels that can act as drop-in 
replacements for petroleum-based gasoline, diesel, and jet fuels [7, 91, 200]. Recently, fast 
pyrolysis has emerged as a promising technological route for converting cellulosic biomass [201] 
into liquid transportation fuel and value-added products [37, 202, 203]. Fast pyrolysis is the 
process of thermal decomposition of organic matter in the absence of oxygen, at elevated 
temperatures [204] and short residence times [205]. Fast pyrolysis converts biomass into three 
main intermediate products: bio-oil, biochar, and non-condensable gases (NCGs). Bio-oil 
generated via fast pyrolysis can be upgraded using established refining technologies into 
renewable transportation fuel(s) [206] that are compatible with current fuel infrastructure and 
vehicle fleets [35]; while biochar can be co-generated via combined heat and power (CHP) to 
produce heat and electricity to be utilized internally in the fuel conversion system, or exported 
and used as a soil amendment for agricultural lands. As such, renewable fuel(s) derived via the 
fast pyrolysis of perennial grasses may be a favorable option for achieving policy mandated 
renewable energy/fuel targets focused on mitigating anthropogenic GHG emissions including the 
U.S. RFS2 [207], California Low Carbon Fuel Standard (LCFS) [208], and the EU’s RED [209].  
Prior work has investigated various sustainability aspects of fast pyrolysis of 
lignocellulosic biomass. Techno-economic analysis has shown that fast pyrolysis is competitive 
with other lignocellulosic fuel conversion platforms, and may be economically viable at a 
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commercial scale [37]. Several recent studies have evaluated the environmental impacts of 
producing liquid fuels by fast pyrolysis of microalgae [210], corn stover [201, 211], and woody 
biomass [203, 212-214] using LCA, and have shown that fast pyrolysis derived fuels may 
provide life cycle GHG reductions relative to petroleum fuels. However, little emphasis has been 
placed on environmental systems analysis of drop-in replacement biofuels derived via fast 
pyrolysis of perennial grasses. Additionally, the effect of different coproduct scenarios, 
allocation schemes, as well as uncertainty in the LCA results, is widely understudied in the 
literature.  
This study performs a comparative life cycle assessment of renewable fuels derived via 
fast pyrolysis of perennial grasses switchgrass and miscanthus. Data for the agricultural 
production of perennial grasses is based on peer-reviewed literature and technical reports from 
field trails. Additionally, this work develops an ASPEN model to simulate the thermochemical 
conversion of lignocellulosic biomass to fuel and utilizes Monte-Carlo simulation to account for 
uncertainty and variability in key LCA metrics. The main objectives of this study are to (1) 
quantify the EROI and life cycle GHG emissions for renewable fuels derived via fast pyrolysis 
of miscanthus and switchgrass biofeedstock and catalytic upgrading of resultant bio-oil; (2) 
investigate the sensitivity of the results to various LCA allocation schemes as well as several 
coproduct scenarios for biochar including: direct application as a soil amendment and co-
generation to produce heat and electricity; (3) identify combinations of feedstock and biofuel 
pathways that meet the life cycle GHG reduction threshold as set by the RFS2; (4) identify areas 
for process improvement in the biomass-to-fuel supply chain; (5) compare the environmental 
performance of fast pyrolysis derived fuels to the production of other leading biofuels. These 
insights are pivotal for guiding the sustainable adoption of biofeedstocks for fuel conversion, and 
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for benchmarking the performance and environmental sustainability of emerging fast-pyrolysis 
thermochemical fuel platforms. 
4.3 PROCESS DESCRIPTION, DATA, AND METHODS 
Process inventories for the production of miscanthus and switchgrass feedstock were developed 
based on peer-reviewed literature; while data for fast pyrolysis and fuel upgrading were 
constructed based on a combination of detailed ASPEN simulation, experimental data, and best 
available engineering knowledge. An overview of the biomass-to-fuel process is provided in 
Figure 13. 
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Figure 13. Simplified Block Diagram: Fast Pyrolysis biofuel production chain. Scenario 1 (Bioenergy 
Pathway): Biochar is sent to a Combined Heat and Power unit for conversion to heat and electricity. Scenario 2 (Soil 
Amendment Pathway): Biochar is sent to a local farm to be applied as a soil amendment. 
4.3.1 Agricultural Model 
Production of miscanthus and switchgrass feedstock is modeled assuming a 10 and 15-year stand 
life [215], respectively. Perennial grasses require an initial establishment year, and 
approximately 3 years until optimal crops yields are achieved [216]. In the initial establishment 
period, several land/farm preparations are performed including plowing, harrowing, rolling, 
herbicide application, soil compactification, and rhizome/seedling planting. For miscanthus 
feedstock, it is assumed that rhizomes from mature perennial grasses are planted directly in the 
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field [216], thus avoiding the high energetic costs of producing plantlets via greenhouses. 
Herbicides are applied during the first and second year of establishment to control and mitigate 
the growth of invasive plant species [217]. Herbicides are not required post third year, as weed 
interference is effectively suppressed once the perennial grass achieves maturity. Additionally, 
fertilizers are not applied during the first two years of establishment as they are subject to large 
losses/high runoff rates and encourage the growth of other unwanted weeds and grasses. 
Furthermore, irrigation is not required due to the low economic value of the produced biomass 
[218]. Post-3rd year of establishment, it is assumed that fertilizers are applied annually (once per 
harvest cycle) to mitigate soil nutrient depletion and maintain overall soil quality [215]. 
However, it is important to note that numerous field trails have shown that perennial grasses 
have limited to no yield response to heighten N-fertilizer application [219-222], and it is possible 
that these crops require marginal synthetic fertilizer for growth. As such, the assumptions in this 
study represent a conservative estimate for fertilizers required for biofuel production.  
Miscanthus and switchgrass feedstock(s) are harvested once per year during the late fall 
via a windrower and baler, each with an average field efficiency of 80% [223]. Late (delayed) 
harvest lowers total dry matter yield relative to peak harvest; however, it substantially decreases 
the moisture content (MC) of the harvested biomass [224, 225]. This is favorable as it reduces 
the amount of energy required for feedstock drying prior to fuel conversion. Post harvesting, 
baled biomass is transported to a local biorefinery via lorries. Densification and/or long-storage 
of biomass is not considered in the present work, but due to logistic and geographic constraints 
may be required for commercial biofuel production. The average round trip distance from farm 
to refinery is assumed to be 100 km, with 2500 metric tons of biomass delivered to the 
biorefinery at a moisture content of 20% weight/weight (w/w) [226]. 
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Probability distribution functions (PDFs) for switchgrass yields were developed based on 
the Global Switchgrass database [227], which contains over 1190 observations from 39 field 
trials conducted across the United States [228-243]. Distributions for miscanthus yields were 
estimated based on values reported in peer-reviewed studies and field trials [207, 217, 219-222, 
244-246]. Average switchgrass and miscanthus yield is estimated at 11.04 dry metric tons per 
hectare (t/ha) and 15.29 t/ha, respectively. PDFs for direct volatilization of N fertilizer (N2O 
conversion rates) were estimated based on 59 trials conducted on various agricultural lands. 
Indirect N volatilization is developed based on estimates of soil nitrogen leaching and run-off 
rates as well as conversion rates of soil N to N2O as reported by the Intergovernmental Panel for 
Climate Change (IPCC) [247]. PDFs for diesel use in farming practices including: plowing, soil 
compactification, harrowing, rolling, stubble conversion, spreading fertilizer, and weed 
harrowing were constructed based on a survey of published literature reported in Dalgaard et al 
[248]. Point estimates were used for diesel use in rhizome/seedling planting, windrower 
harvesting, baling, stacking, and handling. Summary information for distribution types as well as 
a detailed summary of all inventory data is provided in Appendix C. 
4.3.2 Fast Pyrolysis and Fuel Upgrading Model 
An ASPEN process model is developed using Aspen Plus version V8.6 software to simulate the 
thermochemical conversion of cellulosic biomass to bio-oil, and catalytic upgrading of resultant 
bio-oil to renewable transportation fuel. The developed ASPEN model provides a scientifically 
rigorous basis for determining the utility requirements as well as material and energy flows for 
conversion of cellulosic biomass to liquid transportation fuel. Furthermore, the fuel upgrading 
and conversion model provides important details such as the liquid carbon yield, product 
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distribution, and hydrogen consumption for fast pyrolysis conversion of cellulosic feedstock to 
renewable transportation fuel. The primary stages in the fuel conversion and upgrading model 
consist of pretreatment, thermochemical conversion of biomass via fast pyrolysis, 
hydroprocessing of bio-oil to renewable fuel, coproduct integration/use, and fuel/coproduct 
transportation.  
This work models a theoretical stand-alone biorefinery operating at a throughput of 2000 
dry metric ton-biomass/day, consistent with the design case provided in Jones et al. [249] and 
Wright et al. [37] Biomass received by the refinery is dried to a moisture content of 15% w/w 
and subsequently chopped/ground via a hammer mill and screened until the exiting mass has a 
particle size diameter of 3mm [250]. Reduction in particle size increases total heat transfer area, 
resulting in high heat transfers rates. Energy requirements for chopping/grinding of switchgrass 
and miscanthus were developed based on empirical correlations provided in Miao et al. [251] 
After chopping/grinding, biomass is dried to a moisture content of 7% w/w and sent to a fast 
pyrolysis reactor operating at 1 atmosphere (atm) and 500 oC. Product distribution for fast 
pyrolysis was constructed based on experimental results for pure (dry, ash-free) hemicellulose, 
cellulose, and lignin provided in Patwardhan [38, 39]. Feedstock specific product 
characterization is obtained via weighting the product distribution based on the fractional 
cellulose, hemicellulose, and lignin content of the input biofeedstock. It is important to note that 
trace minerals in biomass can act as catalysts during thermochemical conversion of biomass to 
fuel, and thus alter the resulting product distribution. However, the effect of differing mineral 
concentrations on the product distribution of fast pyrolysis derived fuels is beyond the scope of 
this work, and thus is not considered. The study by Patwardhan captured/identified 84.3-92.9% 
of the input feed mass in their spectrometric analysis of the products of fast pyrolysis, and 
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speculated that the unaccounted mass is primarily in the form of water vapor and other light 
molecular compounds [38, 39]. In this work, to satisfy overall mass and elemental balances, an 
optimization routine is performed to determine the composition of the unaccounted mass via 
minimizing the Gibbs free energy of formation of several light hydrocarbons as well as gaseous 
compounds including: CO, CO2, H2O, H2, C2H6, C3H6, and C3H8. Analysis indicates that the 
product distribution for fast pyrolysis ranges from 44.56-53.1% bio-oil (dry basis), 12.0-17.5% 
biochar and ash, 24.4-27.2% non-condensable gases, and 10.5-10.8% water on a mass basis for 
the two feedstocks considered in this work. The resultant product stream is sent to a cyclone 
separator to separate biochar/ash from pyrolysis vapors and NCGs.  
Two coproduct scenarios were considered for biochar formed via fast pyrolysis, denoted 
as Bioenergy (BE) and Soil Amendment (SA) pathways. In the first scenario biochar is sent to a 
combined heat and power unit for conversion to electricity and heat. Coproduct heat generated 
via CHP is used to offset processing heating requirements, while excess heat is discarded. 
Coproduct electricity is utilized internally in the fuel conversion system, while any surplus 
electricity is exported to the grid. The higher heating value (HHV) of biochar/ash is estimated 
based off of its fractional element composition (% C,H,O,N,S, & Ash) via correlations provided 
in Channiwala and Parikh [252], and is estimated to be 23.81 MJ/kg for miscanthus and 24.22 
MJ/kg-biochar for switchgrass. CHP conversion efficiencies for electricity and heat were 
assumed to range from 20% to 35% and 44% to 52%, respectively [253]. In the second scenario, 
biochar is transported to a local farm to be applied as a soil amendment [254]. The use of biochar 
as a soil amendment may provide many benefits to local farms/agricultural land [48, 255] 
including: reduction of N2O emissions and leaching of nitrogen into groundwater[256], improved 
soil fertility, moderating soil pH [46], heightened retention of soil nutrients and water [44], and 
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increased number of beneficial soil microbes [43]. Due to lack of data regarding the 
bioavailability of the nutrient content of the biochar it is assumed that the application of biochar 
does not displace synthetic fertilizer (N, P, K) requirements. Additionally, this works assumes 
that up to 20% of the carbon content of the biochar is released to the atmosphere as carbon 
dioxide [257]. Energy use for machinery required to spread/apply biochar to farmland is 
estimated based on diesel use for spreading and loading manure.  
Post cyclone separation pyrolysis vapors are cooled and separated from NCGs via a 
quench, while NCGs are recycled back to the pyrolysis reactor to act as a fluidizing agent and are 
flared and vented onsite. Bio-oil is highly oxygenated and must be hydrotreated prior to use in 
commercial vehicle engines. As such, bio-oil produced via fast pyrolysis is sent to a 
hydrotreating unit utilizing a catalyst bed operating at 400 oC and 2000 psig [258, 259], wherein 
it is catalytically hydrodeoxygenated (HDO) [260]. Hydrogen requirements for HDO were 
constructed based on stoichiometry, i.e. the amount of hydrogen necessary for complete removal 
of oxygen from bio-oil compounds and hydrogen required for saturation of carbon compounds. 
Furthermore, it is assumed that all hydrogen is externally sourced and produced via steam 
methane reforming. The high efficiency and low cost of fossil hydrogen production via steam 
methane reforming relative to other renewable hydrogen producing platforms such as hydrogen 
from steam reforming biomass or electrolyzing water using wind or solar energy sources, make it 
attractive as a commercial source of hydrogen for biofuel production. However, future work 
should investigate the economic and environmental tradeoffs of catalytic steam reforming the 
aqueous fraction of fast pyrolysis bio-oil to produce hydrogen for subsequent use in downstream 
conversion of bio-oil to renewable fuel. The mass of hydrogen consumed relative to input bio-oil 
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feed is approximately 8.16 and 8.23% on a dry basis or 6.57 and 6.87% on a wet basis for 
switchgrass and miscanthus respectively. 
After hydrotreating, light hydrocarbons (C1-C4 molecular species) are separated from the 
fuel pool via distillation and are sent to an onsite CHP unit to be combusted to produce heat and 
electricity. Higher carbon chain molecular species (C5+) are then separated from water via a 
decanter centrifuge, and transported to a regional fuel facility assuming an average round trip 
distance of 100 km. Combustion of biofuel and bioenergy products was modeled based on 
stoichiometry, under the assumption that that all carbon is converted to CO2. Final renewable 
fuel is comprised of carbon compounds ranging from C5 to C11 in carbon number, and is 
chemically similar to petroleum gasoline. In the absence of biofuel loss due to coking, the 
fraction of carbon in final fuel and coproducts relative to carbon in the input biomass feed ranges 
from 37.0 to 44.1% in the liquid transportation fuel, 9.39 to 9.42% in light hydrocarbons (C1-C4 
molecular species), 18.0 to 24.7% in ash and biochar, and 28.6 to 28.8% in NCGs for the 
different biofeedstocks. The ASPEN energy analyzer module is utilized to optimize heat 
integration for the fuel conversion/upgrading system, and estimate net heating and cooling 
requirements. The results show that after heat integration, the heating requirements for fuel 
conversion and upgrading range from 1.22 to 1.25 MJ heat/kg-dry biomass. Total electricity 
requirements for pretreatment, fuel conversion, and upgrading including: chopping/grinding, 
compression, and pumping requirements are approximately ~ 0.63 MJ electricity/kg-dry biomass 
for either switchgrass or miscanthus. PDFs were developed for several key parameters in the fuel 
conversion and upgrading module including: catalyst lifetime, CHP heat and electricity 
conversion efficiency, biochar carbon sequestration, loss of biofuel due to coking, weight hourly 
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space velocity (WHSV), and transportation distance. Summary information for distribution types 
as well as a detailed summary of all inventory data is provided in Appendix C. 
4.3.3 Methodology 
The scope of the LCA is well-to-wheel and the functional unit is chosen as 1 MJ of renewable 
fuel. As such, carbon dioxide absorption (i.e. Biogenic CO2) and combustion emissions are 
considered in the analysis. It is important to note that the functional unit considered in this work 
does not account for vehicle fuel use efficiency, and was selected so that the results are 
comparable to prior published literature [261]. The developed LCA model translates process data 
including material, energy, emissions, and heat flows into specific impacts on energy and the 
environment. In this work the Intergovernmental Panel for Climate Change (IPCC) 100-year 
Global Warming Potential (GWP) characterization factors [262] are utilized to quantify the life 
cycle GHG emissions for biofuel production while the Cumulative Energy Demand (CED) 
methodology [263] is utilized to determine primary energy consumption. Life cycle data is 
obtained from the ecoinvent database [111]. Infrastructure related environmental impacts, as well 
as direct and indirect land use change impacts, are not considered in this study. Thus, changes in 
the above and below-ground soil organic carbon (SOC) dynamics and carbon balances are 
beyond the scope of this work and thus not considered in the analysis. However, past research 
has shown that the LUC impacts can play an important role in the carbon balance for the 
production of biofuels [264].  
In this study, probability distribution functions (PDFs) are developed for key parameters 
in the cultivation, harvesting, and transportation of switchgrass and miscanthus feedstock as well 
as the upgrading and conversion of bio-oil to renewable transportation fuel. Anderson-Darling 
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statistical tests are performed to determine the distribution type and parameters that best fit the 
sample data. All physically relevant and/or possible families of distributions are considered 
including: normal, triangular, lognormal, weibull, gamma, extreme value, exponential, and 
loglogistic. These probability distribution functions are randomly sampled via Monte Carlo 
simulation (10,000 trials) to capture uncertainty in the life cycle inventory (LCI). Uncertainty in 
the life cycle impact assessment (LCIA) is captured via the use of Monte Carlo simulation 
(10,000 trials) to randomly sample from statistical distributions for environmental impact factors 
obtained from the Ecoinvent database. Addressing uncertainty in a stochastic manner, at both the 
process and life cycle-scale, allows for a broader understanding of the expected range for key life 
cycle sustainability and performance metrics. Summary information for distribution types as well 
as a detailed summary of all inventory data is provided in the supporting information (SI). 
Two LCA schemes were considered for dealing with coproducts in this work: (i) energy-
based allocation and (ii) displacement method (Disp.). In energy-based allocation, environmental 
burdens are partitioned between final renewable fuel and coproducts (bioelectricity, useable heat) 
based on their fraction of total energy flow. For the displacement method, coproducts generated 
via a process/system are assumed to displace an existing product; the system is then credited 
with the avoided life cycle energy use and environmental burdens of the displaced product(s). In 
this work it is assumed that heat generated via CHP would displace heat derived via combustion 
of natural gas, while electricity generated via CHP displaces the U.S. average electricity mix. 
Only useable heat (i.e. heat used to meet system-wide heat duty requirements) generated via 
CHP are considered in energy allocation and displacement calculations. For soil amendment 
(SA) scenarios, carbon sequestered via biochar is subtracted from total life cycle GHG 
emissions. It is important to note that energy based allocation is the preferred method of the EU 
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in determining fuels eligible for the RED, while displacement is the favored method of the U.S. 
Environmental Protection Agency (EPA) for determining fuels eligible for the renewable fuel 
standard (RFS2). Additionally, economic- and/or exergy-based allocation provide a method for 
adjusting for the difference in quality of energy and material resources and thus overcome many 
of the limitations of traditional energy allocation. However, economic and exergy-based 
allocation are beyond the scope and goal of the current work, but should be considered in future 
analysis. 
4.3.4 Sustainability Metrics 
Energy return on investment and life cycle GHG emissions have been extensively used to 
quantify and compare the energy intensity and GHG reduction potential of producing 
transportation fuel(s) derived from biomass feedstocks [19, 144, 265]. Net life cycle GHG 
emissions are calculated based on the quantity of life cycle GHGs emitted throughout the 
biomass supply chain as well as carbon credit and/or impacts allocated to coproducts, and is 
contingent on the choice of LCA scheme utilized for dealing with coproducts. This work 
identifies biofuel pathways that meet the US EPA Renewable Fuel Standard for cellulosic 
biofuels, i.e. 60% reduction in overall life cycle GHG emissions relative to baseline petroleum 
fuels (~92 gCO2e/MJ-fuel).  
EROI quantifies the amount of primary energy required to produce a functional unit of 
transportation fuel energy evaluated over the entire supply chain. As the primary motivation for 
biofuel production is its potential to displace fossil derived fuels, a fossil energy return on 
investment metric is chosen to assess the sustainability of biofuel production. In this work, EROI 
is defined as the ratio of output biofuel energy to the embodied primary fossil energy required for 
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its production, and is presented in equation 6. Output biofuel energy is calculated based on the 
mass flow of fuel compounds (pentane, hexane, etc.) and their respective lower heating value 
(LHV).  
 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =  ∑(𝐹𝐹𝑉𝑉𝐿𝐿𝑓𝑓 𝐹𝐹𝑓𝑓𝑃𝑃𝑐𝑐𝑓𝑓𝑉𝑉𝐻𝐻𝐹𝐹)∗(𝐿𝐿𝐻𝐻𝑉𝑉)  𝐵𝐵𝑓𝑓𝑓𝑓𝑓𝑓𝑉𝑉𝐿𝐿𝑓𝑓 𝑆𝑆ℎ𝐻𝐻𝐿𝐿𝐿𝐿 𝑓𝑓𝑓𝑓 𝑃𝑃𝐿𝐿𝑓𝑓𝑃𝑃𝐻𝐻𝐿𝐿𝑃𝑃 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝑃𝑃 𝐼𝐼𝐻𝐻𝑛𝑛𝐿𝐿𝑓𝑓𝐻𝐻𝐿𝐿𝐹𝐹     (6)                        
 
EROI values greater than 1 are desirable, as more energy is provided by the biofuel as 
compared to the primary fossil energy required for its production. Recent studies have proposed 
that a liquid fuel must have a minimum EROI of 3 in order to support the U.S. transportation 
system [178]; and, failure to meet such criteria could have significant economic and societal 
implications [266, 267]. As such, it is critical to identify biofuel pathways that achieve life cycle 
GHG reductions targets as set by the RFS2 and have favorable EROI profiles, i.e. comparable to 
petroleum fuels and leading first generation biofuels. 
4.4 RESULTS AND DISCUSSION 
4.4.1 Life Cycle Energy Analysis 
Figure 14 plots the median EROI for producing renewable fuels from miscanthus and 
switchgrass biofeedstocks, error bars represent the 10th and 90th percentile. Median values are 
presented instead of average values, as the distributions for EROI are highly skewed and non-
symmetric. For each feedstock two allocation scenarios (displacement and energy allocation) as 
well as two biochar coproduct scenarios (use as a soil amendment or cogeneration to produce 
bioenergy) were evaluated. The results reveal that the median EROI for fast pyrolysis derived 
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fuels range from 1.52 to 2.56 over the host of pathways evaluated, with similar trends found for 
switchgrass and miscanthus. For BE scenarios, the EROI using displacement is significantly 
higher as compared to energy allocation and is a consequence of the avoided high upstream 
impacts of electricity generation—producing a large coproduct credit in displacement scenarios. 
As shown in Figure 14, the combination of coproduct scenario and allocation scheme can have a 
dramatic impact on the environmental performance of fast pyrolysis derived fuels. Additionally, 
the results reveal that the EROI is greater than unity for all examined biofuel pathways, 
indicating that these systems are net energy positive. However, none of the examined pathways 
meet the minimum EROI criteria of 3 as advocated by Hall and co-workers [178]. 
 
 
                    
Figure 14. Energy Return On Investment for producing renewable fuels from miscanthus and switchgrass 
biofeedstock. Results are shown for displacement and energy-based allocation, as well as soil amendment and 
bioenergy coproduct scenarios. Median values (i.e., 50th percentile) are shown; error bars represent the 10th and 90th 
percentile. 
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Figure 15 presents the average fossil life cycle energy consumed by process input, normalized 
per MJ renewable fuel output. Results are shown utilizing the displacement methodology; 
negative values represent primary fossil energy credit(s) received from coproducts. The results 
from Figure 15 indicate that hydrogen and electricity requirements constitute the largest energy 
burdens in the biomass-to-fuel supply chain. Primary energy consumption for hydrogen is ~0.38 
MJ primary fossil energy/MJ-Fuel for either biofeedstock; while electricity requirements account 
for 0.16 to 0.20 MJ primary fossil energy/MJ-Fuel for miscanthus and switchgrass respectively. 
Additionally, the combustion of light hydrocarbons and/or biochar to produce heat and 
bioelectricity results in a significant coproduct credit, up to -0.79 MJ primary energy/MJ-Fuel for 
switchgrass bioenergy scenarios. Further analysis reveals that fuel conversion and upgrading 
stages constitute over 75% of total fossil life cycle energy consumption in the biomass to fuel 
supply chain. As such, minimizing the quantity of hydrogen and electricity required for fuel 
conversion will be crucial for increasing the energetic performance of fast pyrolysis derived 
biofuels. The findings of the present work compare favorably with those reported in prior studies 
[212, 268]. 
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Figure 15. Life cycle fossil energy analysis. Average primary energy impacts for process inputs and 
coproduct are normalized to 1 MJ of renewable fuel. Results for displacement methodology are provided. Net 
primary energy use represents the difference between primary fossil energy consumed in the supply chain and 
coproduct primary fossil energy credit. 
4.4.2 Life Cycle GHG Analysis 
Figure 16 presents the median life cycle GHG emissions for producing renewable fuels from 
miscanthus and switchgrass biofeedstocks. The results reveal that the life cycle GHG emissions 
for fast pyrolysis derived fuels range from 22.5 to 61.0 gCO2e/MJ-fuel. The choice of 
displacement or energy allocation has a significant impact on the LCA results; with miscanthus 
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and switchgrass meeting the RFS2 GHG reduction threshold under soil amendment (SA) 
pathways, but exceeding the threshold for bioenergy (BE) pathways. These results are significant 
as they indicate that the choice of biofeedstock, coproduct scenario, and allocation scheme can 
change the life cycle GHG emission profile of fuels derived via perennial grasses from meeting 
to exceeding the GHG reduction threshold as established by the RFS2. 
 
 
 
 
                    
Figure 16. Life cycle GHG emissions for producing renewable fuel from miscanthus and switchgrass 
biofeedsock. Results are shown for displacement and energy-based allocation, as well as soil amendment and 
bioenergy coproduct scenarios. Median values (i.e., 50th percentile) are shown; error bars represent the 10th and 
90th percentile. 
The average life cycle GHG emissions by process input normalized per unit fuel energy 
output are presented in Figure 17. Results for displacement methodology are shown, negative 
values represent life cycle GHG credit(s) received from coproducts. The results from Figure 17  
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indicate that hydrogen, agrochemicals, and electricity requirements have the largest global 
warming potential impacts in the biomass-to-fuel supply chain. Figure 17 reveals that hydrogen 
impacts account for approximately 38.7 gCO2e/MJ-fuel for switchgrass and 38.2 gCO2e/MJ-fuel 
for miscanthus feedstocks, agrochemical impacts account for over 26.5 gCO2e/MJ-fuel for 
switchgrass and 11.9 gCO2e/MJ-fuel for miscanthus feedstocks, while electricity requirements 
account for 16.8 gCO2e/MJ-fuel for switchgrass and 13.9 gCO2e/MJ-fuel for miscanthus 
feedstock. Additionally, the results from Figure 17 show that biochar sequesters, on average, 
49.0 gCO2e/MJ-fuel for switchgrass and 29.7 gCO2e/MJ-fuel for miscanthus. The GHG 
reductions for biochar are significantly higher for switchgrass as compared to miscanthus, due to 
increased rate of biochar formation as a result of higher lignin content. 
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Figure 17. Life cycle carbon footprint analysis. Greenhouse gas emissions for material and energy inputs 
as well as coproduct credits are normalized to 1 MJ of renewable fuel. Results for displacement are provided. Net 
life cycle GHG emissions represent the difference between GHGs (direct and indirect) emitted throughout the life 
cycle and coproduct GHG credit. 
4.4.3 EROI vs Life Cycle GHG Emissions 
Figure 18 presents a comparison of EROI vs life cycle GHG emissions for fast pyrolysis-derived 
biofuels against select first generation, second-generation (i.e. cellulosic ethanol), and petroleum 
fuels. As shown in Figure 18, 1st generation biofuels such as corn and sugarcane ethanol are 
found to have higher GHG emissions relative to 2nd generation fuel derived from corn stover, 
miscanthus, or switchgrass. Additionally, the results reveal that sugarcane ethanol has a high 
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EROI (~4.3) exceeding the EROI performance threshold of 3, while corn ethanol has a 
marginally positive energy balance. Figure 18 reveals a weak clustering of 2nd generation 
bioethanol derived from corn stover, switchgrass, and miscanthus, and shows that bioethanol 
generated via 2nd generation feedstocks are near carbon neutral and have a correspondingly high 
EROI (i.e. greater than 3). Fast pyrolysis derived gasoline is found to have significantly lower 
EROI and higher overall life cycle GHG emissions as compared to 2nd generation bioethanol 
derived via miscanthus or switchgrass. Fossil hydrogen consumption and process electricity 
requirements are primarily responsible for the low environmental performance of pyrolysis 
gasoline relative to other 1st generation and 2nd generation biofuels. It is important to note that 
bioethanol must be blended with existing transportation fuel prior to use in vehicle engines, 
while pyrolysis gasoline can be used as a drop-in replacement for existing hydrocarbon fuels. 
Petroleum diesel is found to have a high EROI (~4.8), yet have correspondingly high fossil GHG 
emissions (~92 gCO2e/MJ-Fuel). These results highlight the challenge of producing liquid 
transportation fuel from biomass that is simultaneously carbon neutral over its life cycle, 
chemically similar to traditional hydrocarbon fuels, and energetically competitive with existing 
petroleum resources.  
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SWG: Switchgrass; MSC: Miscanthus; SA: Soil amendment; BE: Bioenergy  
Figure 18.  EROI vs Life cycle GHG emissions for select 1st generation and 2nd generation biofuels. 
Values for EROI and GHG emissions of fast pyrolysis fuels using the displacement method are shown. Values for 
1st & 2nd generation bioethanol were obtained from Wang et al. 2012 (ref [261]) and do not consider direct or 
indirect LUC impacts. Values for petroleum diesel were adapted based on data obtained from the 2014 GREET 
model (ref [269]). 
 
Direct and indirect land use change induced global warming impacts are not considered 
in this work. Estimates of LUC impacts for miscanthus and switchgrass derived ethanol range 
from -10 to -2.1 gCO2e/MJ-miscanthus ethanol and 2.7 to 19 gCO2e/MJ-switchgrass ethanol 
depending on the choice of domestic/international emissions modeling scenarios and model 
parameter(s) settings [270, 271]. Negative values for LUC impacts are due to changes in soil 
organic carbon (SOC) dynamics. This suggests that while LUC impacts may increase the carbon 
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footprint of switchgrass fuels, it has the potential to lower that of miscanthus derived fuels; and 
thus merits further investigation. 
4.5 CONCLUSIONS 
Further work is needed at the process level, such as determining ideal catalyst(s) for fuel 
conversion, effect of bio-oil on catalyst coking, and catalyst lifetime. High-level biomass/biofuel 
logistical and geospatial modeling [272] as well as economic evaluation should be concurrently 
considered to ensure that biofuel production is technically feasible and economically viable. The 
results of this work indicate that single-stage fast pyrolysis and hydroprocessing system have 
several limitations including: high hydrogen consumption, high production of light 
hydrocarbons, and low liquid carbon yield. A one-at-a-time (OAT) sensitivity analysis was 
performed to show how variations in individual parameters affect the LCA results (see Appendix 
C) Analysis reveals that the EROI and GHG emissions for single-stage fast pyrolysis systems are 
highly sensitive to bio-oil yield as well as hydrogen consumption. Alternative reactor 
configurations, process options, and chemical conversion pathways have the potential to reduce 
the hydrogen requirements for fuel conversion and upgrading while simultaneously increasing 
the liquid carbon yield, and thus increase the environmental sustainability of emerging 
thermochemical fuel platforms [32, 273], and should be considered in future environmental 
sustainability analysis of pyrolysis derived biofuels. Furthermore, additional research is required 
to determine the far-reaching environmental implications and feasibility of commercial scale 
biofuel production and related coproduct scenarios. For example, while biochar scenarios show 
merit for reducing life cycle GHG emissions for fuel production, past research has suggested that 
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the application of biochar could have severe environmental ramifications, as a fraction of biochar 
may be lost to wind and seepage and thus pose an environmental hazard to local waterways and 
groundwater aquifers [45]. Accordingly, while energy return on investment and life cycle GHG 
emissions are important criteria for screening potential biofuel pathways for commercial use, 
other environmental criteria such as impacts on water and air quality, biodiversity, etc. must also 
be considered so that biofuel production does not generate adverse impacts on ecological and 
human welfare [274, 275]. 
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5.0  MULTISTAGE TORREFACTION OF BIOMASS AND IN-SITU CATALYTIC 
UPGRADING TO HYDROCARBON BIOFUELS: ANALYSIS OF LIFE CYCLE 
ENERGY USE AND GREENHOUSE GAS EMISSIONS 
The following chapter is based on an article currently pending submission to Energy and 
Environmental Science with the citation:  
 
Zaimes, G. G., Beck, A. W.; Janupala, R. R.; Resasco, D. E.; Crossley, S. P.; Lobban, L. L.; 
Khanna, V., Multistage Torrefaction of Biomass and in-situ Catalytic Upgrading to 
Hydrocarbon Biofuels: analysis of life cycle energy use and greenhouse gas emissions. 
Resubmission to Energy and Environmental Science, November 2016.  
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5.1 CHAPTER SUMMARY 
A well-to-wheel life cycle assessment (LCA) model is developed to characterize the life cycle 
energy consumption and greenhouse gas emissions profiles of a series of novel multistage 
torrefaction and pyrolysis systems for targeted thermochemical conversion of short rotation 
woody crops to bio-oil and in situ catalytic upgrading to hydrocarbon transportation fuels, and 
benchmark the results against a base-case fast pyrolysis and hydrodeoxygenation (HDO) 
platform. Multistage systems utilize a staged thermal gradient to fractionate bio-oil into product 
streams consisting of distinct functional groups, and multi-step chemical synthesis for 
downstream processing of bio-oil fractions to hydrocarbon fuels. Results at the process scale 
reveal that multistage system(s) have several advantages over the base-case including: (1) ~40% 
reduction in process hydrogen consumption and (2) the product distribution for multistage 
systems are skewed towards longer carbon chain compounds that are fungible with diesel-range 
fuels. LCA reveals that the median Energy Return On Investment (EROI) and life cycle 
greenhouse gas (GHG) emissions for multistage systems range from 1.32 to 3.76 MJ-Fuel/MJ-
Primary Fossil Energy and 17.1 to 52.8 gCO2e/MJ-Fuel respectively, over the host of co-product 
scenarios and allocation schemes analyzed, with fossil-derived hydrogen constituting the 
principle GHG and primary energy burden across all systems. These results are compelling and 
indicate that multistage systems exhibit comparatively higher gasoline/diesel-range fuel yield 
relative to current technology and produce a high quality infrastructure compatible hydrocarbon 
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transportation fuel capable of achieving over 80% reduction in life cycle GHG relative to 
baseline petroleum diesel. 
 
5.2 BACKGROUND 
Anthropogenic derived climate change threatens to destabilize and damage the global stocks of 
economic, social, and ecological capital—the keystones of modern civilization, and thus is 
considered to be one of the most urgent, ubiquitous, and long-standing challenges facing 
humanity [4-6]. Carbon dioxide emissions resulting from fossil fuel use and industrial processes 
are the largest contributor to global greenhouse (GHG) gas emissions, constituting over 65% of 
total GHGs in 2010 [3]. Moreover, in 2013 energy production and use accounted for over 84% of 
total United States (U.S.) GHG emissions on a carbon dioxide equivalent (CO2e) basis [276]. 
Subsequently this has spurred worldwide efforts to transition to renewable, low-carbon, and 
sustainable energy technologies in an attempt to mitigate and curtail potential catastrophic 
climate destabilization, as evident by the historic 2015 Paris Agreement [277]. Furthermore, 
nation-states have enacted legislation that mandate annual renewable energy and volumetric fuel 
production targets, such as the Renewable Fuel Standard (RFS2) in the U.S. [11] and the 
Renewable Energy Directive (RED) in the European Union (EU) [278], that require renewable 
energy systems achieve life cycle GHG reduction thresholds relative to baseline fossil 
technologies.  
Over the past decade, biomass-derived hydrocarbon transportation fuels have gained 
prominence as a potential low-carbon and sustainable solution to the global energy crisis [7-9]. 
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Recently, thermochemical conversion of lignocellulosic biomass via pyrolysis and catalytic 
upgrading of bio-oil has garnered traction as a commercial platform for producing renewable 
fuel(s) and value-added coproducts [279, 280]. Pyrolysis is the process of thermal decomposition 
of organic matter at elevated temperatures (450-600 OC) in the absence of oxygen, and produces 
three main products: pyrolysis-vapors, biochar, and non-condensable gases (NCGs). Pyrolytic-
vapors condense to form a highly oxygenated synthetic bio-oil that can be catalytically 
hydroprocessed for use as a petroleum fuel substitute [40, 280, 281], while residual biochar can 
be applied to agriculturally degraded lands for concurrent carbon abatement and soil reclamation 
and has also gained notoriety as a sustainable replacement for coal [48, 255, 282].  
Agronomic-pyrolytic fuel platforms using lignocellulosic biomass exhibit several unique 
advantages over existing first- and second-generation biofuels systems. Biofuels produced via 
pyrolysis of lignocellulosic biomass do not directly compete with food supply, as do leading first 
generation biofuels such as corn ethanol and soybean biodiesel, and can be produced from a host 
of novel feedstocks including short rotation woody crops (SRWC), perennial grasses, 
agricultural and forest residues, and industrial wastes [135, 283]. Pyrolysis oil can be upgraded 
via traditional petroleum refining and hydroprocessing technologies into transportation fuels that 
are compatible with current vehicle fleets and infrastructure [284], and thus do not suffer from 
issues such as the ‘blend wall’, i.e. the maximum percentage of ethanol that can be blended with 
gasoline/diesel, or require modifications to vehicle fleets which constrain large-scale ethanol 
production[285]. Further, several catalytic routes have been demonstrated to convert bio-oil into 
high quality transportation [24, 32, 34] and aviation-fuels [33], as well as value-added platform 
and specialty chemicals [286]—providing a potential secondary market for an emerging 
biochemical and bioplastics industry. Recent techno-economic analysis has identified fast 
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pyrolysis and hydroprocessing [287] as the most economically viable cellulosic fuel platform 
compared to cellulosic ethanol [288] and gasification with Fischer-Tropsch synthesis [289], and 
suggest that pyrolysis-derived biofuels are cost-competitive with current petroleum fuels. Life 
cycle assessment has shown that pyrolysis biofuel systems have the capacity for GHG reductions 
relative to baseline petroleum fuels [212, 290], but are sensitive to the choice of coproduct 
scenario for the produced biochar [226, 291, 292].  
While pyrolytic fuel systems hold promise for reducing GHG emissions from the energy 
and transportation sector, several technical barriers including high hydrogen consumption, 
thermal instability and corrosiveness of produced bio-oil, high formation of light (C1-C5) 
alkanes, and low liquid carbon yield hinder their environmental performance [291]. Several 
strategies including pre-treatment via torrefaction (mild pyrolysis) [293, 294], catalytic 
upgrading [7], and sequential hydroprocessing [258] stages have been proposed as a means to 
increase the stability of the intermediate bio-oil as well as carbon chain length of the resultant 
biofuel. However, bio-oil is a highly complex synthetic oil containing multiple chemical 
functionalities, making selective stabilization and upgrading problematic [295]. This work 
explores an innovative new design strategy in which a staged thermal gradient, consisting of a 
series of sequential torrefaction stages followed by pyrolysis, is utilized for targeted thermal 
decomposition of the hemicellulose, cellulose, and lignin fractions of the biomass respectively. 
Multistage thermal decomposition produces several fractionated bio-oil streams comprised 
primarily of carboxylic acids, light oxygenates, furan derivatives, aromatics, and phenolic 
species. This modular multistage design strategy permits tailored catalytic upgrading of the 
fractionated bio-oil streams to produce high-quality infrastructure compatible fuels with minimal 
process hydrogen consumption. Furthermore, the proposed 3-stage fractionated catalytic 
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upgrading design has the capacity to increase the ratio of carbon yield to desired products—a 
major technological bottleneck of traditional pyrolytic systems [296], and thus shows merit for 
substantial improvement over the current industrial design case.  
In this chapter, a prospective well-to-wheel life cycle assessment (LCA) model is 
developed to characterize the life cycle energy use and greenhouse emissions profiles of a series 
of novel multistage torrefaction and pyrolysis systems for targeted thermochemical conversion of 
short rotation woody crops to bio-oil and in situ catalytic upgrading to hydrocarbon 
transportation fuels, and benchmark the results against a base-case fast pyrolysis and 
hydrodeoxygenation (HDO) platform. Several multistage conversion and upgrading design cases 
of varying process complexity are considered, with the goal of selectively upgrading bio-oil via 
catalytic routes to increase the carbon chain length and gasoline/diesel range fuel yield (C6 to 
C21) of the fuel pool, while simultaneously reducing hydrogen consumption. The primary 
objectives of this study are to (1) assess the process viability of several multistage design cases 
via quantification of multiple process design metrics including hydrogen consumption, gasoline- 
and diesel-range fuel yield, liquid carbon efficiency, and process complexity—and benchmark 
against a base-case fast pyrolysis and hydroprocessesing system. (2) Characterize the 
environmental profile of multistage systems via comparison across several sustainability 
indicators including Energy Return on Investment (EROI) and Life Cycle Greenhouse Gas 
(GHG) emissions. (3) Examine the influence of different LCA allocation schemes and coproduct 
scenarios for the biochar on key LCA sustainability metrics.   
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5.3 MODEL DEVELOPMENT 
This work models a ‘theoretical’ centralized biorefinery utilizing a multistage torrefaction and 
catalytic upgrading design to convert short rotation woody crops to hydrocarbon biofuels. As no 
such commercial facilities currently exist, this work performs a prospective analysis, 
extrapolating experimental and laboratory scale data as a surrogate for process flows for a 
‘theoretical’ commercial plant. Further, biofuel production is considered over a broad 
technological space, thus the results presented in this work are optimistic and indicative of how 
these systems may perform in the medium-to-long term. Such Prospective LCA (also known as 
Anticipatory LCA) allows for the quantification of the anticipated environmental impacts of a 
product or service, identification of the environmental hotspots within the supply chain, and for 
environmental performance comparison with existing technologies [297]. Incorporating LCA at 
early stages of research and development (R&D) is touted as an “essential tool for the rational 
development of sustainable chemical processes” [298]. The analytic framework established in 
this study is consistent with the protocol used in several prior studies of emerging pyrolytic 
biofuel platforms conducted by the National Renewable Energy Laboratory (NREL) [37] and 
Pacific Northwest National Laboratory (PNNL) [250], and consists of several sub-models: (1) an 
agricultural model is developed to determine the biomass growth rates, direct land-use change 
impacts, agrochemical application rates, and other key parameters in the cultivation, harvesting, 
and short-term storage of SRWCs. (2) An Aspen Plus process model is constructed to determine 
the product distribution, utility requirements, and material/emissions flows for thermochemical 
conversion of biomass to bio-oil and catalytic upgrading to hydrocarbon fuels. Scenario analysis 
is carried out to determine the impact of different end-uses for the biochar on the environmental 
profile of hydrocarbon biofuels. Monte-Carlo analysis is performed to quantify uncertainty in 
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key environmental sustainability metrics. Model parameters and data are constructed based on 
reported field trials, national databases, peer-reviewed literature, laboratory and experimental 
data, technical reports, stoichiometry, first principles, and best engineering knowledge. An 
overview of the principle stages in the biomass-to-fuel process chain is provided in Figure 19. 
               
Figure 19. Biomass-to-Fuel Process Chain 
5.3.1 Cultivation and Harvesting of SRWCs 
Short rotation woody crops are considered an attractive feedstock for thermochemical conversion 
to transportation fuel owing to their unique biophysical characteristics including low ash content 
[299] and comparatively greater bio-oil yields relative to other lignocellulosic energy crops 
[300]. Unlike perennial energy crops, purpose-grown woody biomass can be harvested year-
round, reducing large-scale storage infrastructure, holding time, and associated dry matter losses. 
SRWCs flexible harvest schedule mitigates risk of yield loss due to drought, pests, disease, etc., 
and enables growers to adjust to biofuel/bioenergy market supply and demand dynamics [301]. 
SRWC production is evaluated across fifteen separate management systems that span both 
extensive (i.e. minimal use of agrochemicals and/or machinery) and intensive practices (i.e. use 
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of synthetic fertilizers, irrigation, etc.), and vary in regards to harvesting frequency, fertilizer and 
agrochemical application rates, dry matter yield, etc. Process flows for SRWC systems are 
constructed based on harmonized field trials reported in Djomo et al. 2015 [302], and is provided 
in Appendix D. The main unit operations considered in SRWC production include cuttings 
production, plowing, harrowing, disking, liming, planting, weeding, fertilizing, irrigation, 
harvesting, and stump removal; however, each SRWC system may only include a subset of said 
unit operations depending on management practice (intensive or extensive), see Figure 20 for a 
detailed overview. Life cycle inventories for woody biomass production are evaluated 
stochastically via statistical bootstrapping, in which process inventories for SRWC management 
systems are randomly sampled with replacements.  
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Figure 20. Detailed Process Flow Diagram. Several coproduct scenarios for the biochar is evaluated 
including: (1) combustion for heat and power and (2) land application as a soil amendment. 
 
Pre-cultivation, several land preparations including plowing, harrowing, and disking, are 
performed to aerate the soil and make it conducive for crop production. Lime application may be 
necessary to moderate soil-pH, depending on soil quality and type. Cuttings are subsequently 
transplanted into the soil and a series of weeding (chemical & mechanical), fertilizing, and 
irrigation processes are implemented to mitigate the growth of weeds and invasive plant species, 
reduce pests and disease, and promote higher biomass yields. Coppicing, the process of pruning 
via repetitive felling of the same stump (near to ground level), may be employed to stimulate 
growth and allows for continual harvesting of woody biomass. Average SRWC annual yields 
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across management systems is ~9.87 (dry metrics tonnes ha-1 year-1); it is assumed that current 
technology is able to harvest between 77.4% to 94.5% of annual dry matter yield [303]. Upon 
harvest SRWCs are chipped to produce wood chips with a moisture content of 50% weight per 
weight (w/w), and are transported to a regional storage facility for short-term holding of the 
biomass. At end of stand-life SRWC stumps and root systems are removed.  
Direct volatilization rates of N to N2O from 59 field trials spanning various land-types 
reported from peer-reviewed literature, are randomly sampled with replacements via statistical 
bootstrapping. Intergovernmental Panel for Climate Change (IPCC) methodology [247] is used 
to estimate direct CO2 emissions resulting from land application of N-fertilizer and lime, as well 
as indirect N2O emissions resulting from soil nitrogen leaching, runoff, and conversion of soil N 
to N2O. Data for the production of cuttings is taken from Djomo et al. 2013 [304], a detailed 
summary of all inventory data and distributions used in the analysis is provided in Appendix D.   
5.3.2 Short Term Storage 
The ability to store biomass, without significant loss of quality and/or decomposition, is critical 
to the supply chains of emerging lignocellulosic biorefineries [305]. Sufficient storage of 
biomass is necessary to offset seasonal variation in productivity, ensuring a continual supply to 
producers. Due to SRWCs flexible harvest schedule, it is assumed that only short-term storage 
(30 to 60 days) of the biomass is required. Linear regression is utilized to determine the rate of 
biodegradation (i.e. dry matter loss) and off-gas concentration (CO, CO2, and CH4) as a function 
of storage time (days), based on experimental data provided in Bonner et al. [306] and Tumuluru 
et al. [307] respectively. Details of the linear regression model are provided in Appendix D.  
Additionally, it is assumed that storage reduces biomass moisture content to 25% w/w, due to 
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self-heating that occurs over the holding period[308]. Post-storage, wood-chips are transported to 
a regional biorefinery via lorries for subsequent downstream processing to transportation fuel. 
Transportation distance from farm-to-refinery was modeled via a triangular distribution, 
assuming one-way transport via lorries. A minimum one-way transportation distance of 50 km, 
most likely value of 100 km, and maximum of 150 km were selected, and capture a broad range 
of values reported via prior published literaturec 
5.3.3 Direct Land-use Change 
Prior research has suggested that direct land use change (dLUC) effects—i.e. GHG emissions (or 
reductions) resulting from changes in the carbon stocks of above and belowground biomass as 
well as changes in soil organic carbon (SOC) concentrations and other carbon pools as a result of 
the direct transformation or conversion of land, may jeopardize the carbon neutrality of biofuels 
[17, 309]. Failure to consider dLUC effects may inadvertently overestimate the climate benefit of 
biofuels, and thus should be included in LCAs of biofuel production [271]. In this work, 
estimates for dLUC are developed based on guidelines provided via the IPCC Tier 1 
methodology. Several broad-based assumptions are made regarding the calculation of dLUC: (1) 
grasslands would exclusively be targeted for conversion to SRWC plantations, (2) the soil type 
and climate zone for converted lands are high activity clays (HAC) and temperate [310] (cold, 
moist) respectively, and (3) IPCC defined Forestlands can act as a proxy for the SOC 
concentrations for SRWC plantations. Direct land use change impacts are normalized over the 
20-year [250] lifespan of the biorefinery. It is important to note that indirect LUC impacts are not 
considered in the scope of this work. Further details regarding the calculation of dLUC are 
provided in Appendix D. 
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5.3.4 Multistage Torrefaction/Pyrolysis and Catalytic Upgrading 
Multistage thermochemical conversion of biomass and catalytic upgrading of bio-oil is modeled 
using Aspen Plus V8.8[311], using the UNIQUAC thermodynamic property set. Pyrolysis oil is a 
highly complex synthetic fuel containing myriad compounds, thus detailed modeling of bio-oil is 
computationally taxing and prohibitive. To manage the complexity and dimensionality, a model 
compound approach is used for characterizing bio-oil. In this methodology, bio-oil compounds 
are broadly aggregated based on chemistry/functionality and assigned a representative a model 
compound, this protocol is consistent with prior published literature[295, 312, 313].  Seven 
major families of compounds are considered: carboxylic acids (acetic acid), light oxygenates 
(acetol), furanics (furan, furfural), anhydrosugars (levoglucosan), aromatics (toluene), 
multifunctional phenolics (guaiacol), and alkylated phenolics (m-cresol). Furthermore, in this 
study the oligomeric content (i.e. pyrolytic lignin) is assumed to be upgradable and is evenly 
distributed among the organic compounds on a mass basis. Additional details regarding the 
experimental setup, data acquisition, and model compound methodology is provided in 
Appendix D.  
A combination of experimental data and model-compound studies performed at the 
University of Oklahoma is used to parameterize design blocks in the Aspen Plus simulation, and 
guide process model development [314]. Process yields for catalytic upgrading strategies were 
estimated via equilibrium reactors blocks in ASPEN. This approach allows for a robust 
assessment that is likely to be achieved under steady state operating conditions, and accounts for 
the propensity of select chemical reactionary pathways to proceed based on underlying 
thermodynamic data. Details regarding the reaction stoichiometry considered for each catalytic 
upgrading strategy are provided in Appendix D.  Biomass and biochar are defined in the Aspen 
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Plus simulation as non-conventional products, based on their Proximal, Ultanal, and Sulfanal 
analysis. Thermodynamic property data for model compounds is obtained using commercial 
ASPEN databases. In cases where thermodynamic data is not available, thermodynamic 
properties for these compounds is estimated via the National Institute of Science and Technology 
ThermoData Engine (NIST-TDE) based on chemical structure and bond connectivity.  Pinch 
analysis is utilized to estimate optimal heat integration strategies and system-wide heating and 
cooling duties. Additional information regarding biorefinery utilities is provided in Appendix D. 
5.3.5 Upgrading Chemistries 
Multistage system(s) utilize a staged thermal gradient to fractionate bio-oil into product streams 
comprised of distinct functional groups that can be selectively catalytically upgraded via a host 
of upgrading chemistries including ketonization, alkylation, hydrolysis and oxidation, 
hydrogenation, and hydrodeoxygenation to produce high-quality transportation fuel(s) as well as 
fuel additives, details of the design cases are provided in Figure 21. Catalytic upgrading 
strategies can be broadly classified into Carbon-Carbon (C-C) coupling or hydroprocessing 
reactions. Ketonization, also known as ketonic decarboxylation, is a chemical reaction wherein 
two carboxylic acids are converted into a ketone, producing carbon dioxide and water as by-
products. Ketonization has gained attention as a promising strategy for upgrading oxygenated 
bio-oil compounds, due to its ability to convert corrosive, unstable, and highly abundant 
carboxylic acids into higher carbon-chain length and stable bio-oil intermediates and fuel 
precursors [273]. Alkylation, the addition or substitution of an alkyl group has been widely 
employed in petrochemical refining for converting isobutane and low-molecular weight alkenes 
(i.e. propene) into high-quality gasoline. Recently, alkylation and derivatives (i.e. 
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hydroalkylation, hydroxyalkylation, etc.) have seen application in biofuel production as these 
carbon-carbon coupling reactions can convert otherwise undesirable low molecular weight bio-
oil compounds into longer carbon chain length compounds that can be hydroprocessed into 
transportation fuels that are fungible with current diesel [315, 316] and aviation blendstocks 
[317]. Hydrolysis and oxidation uses an oxidizing agent to convert bio-oil compounds into 
carboxylic acids, and has been demonstrated to be a promising option for converting 
levoglucosan into glucionic acid with high purity and selectivity [318]. Carboxylic acids 
produced in this manner, can be converted to long carbon chain ketones via ketonization. 
Hydroprocessing via hydrogenation or hydrodeoxygenation utilize a high-pressure, hydrogen 
rich environment to remove oxygen from bio-oil compounds, to make them suitable for 
combustion in vehicle engines and industrial use [280]. Mild hydrotreating via hydrogenation 
can convert bio-oil into stable compounds, and desirable intermediates for further downstream 
upgrading. Hydrodeoxygenation utilizes severe hydroprocessing conditions to remove oxygen 
from bio-oil compounds and saturate carbon rings, forming water as a byproduct. 
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Upgrading strategies A, B, and C represent catalytic approaches for targeted upgrading of stage 1, stage 2, and stage 3 bio-oil respectively. 
Integration and coupling of thermally fractioned bio-oil streams and upgrading strategies (A,B,C) can occur, denoted by the connecting arrows. 
Multistage system “X” refers to thermochemical conversion of biomass to bio-oil via multistage torrefaction and catalytic upgrading via 
upgrading system “X”. For example, multistage system 1 denotes the use of upgrading system 1 to convert fractionated bio-oil to hydrocarbon 
fuels.  
 
Figure 21. Multistage Torrefaction & Pyrolysis Systems. Several multistage design cases, consisting of 
different catalytic upgrading systems, are independently considered for tailored upgrading of bio-oil to hydrocarbon 
fuels 
5.3.6 Detailed Process Description 
This work models a ‘theoretical’ biorefinery operating at 2,000 dry metric tonnes (DMT) of 
biomass per day, consistent with the design case provided in Jones et al. [249] and Wright et al. 
[37] Input feed received by the biorefinery undergoes an initial pretreatment phase, in which 
biomass is chopped/ground via a hammer-mill to a particle size diameter of 3mm [250], and 
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subsequently dried to remove any remaining moisture content. Energy requirements for 
chopping/grinding were constructed based on empirical correlations provided in Miao et al. 2011 
[251]. Pretreated biomass is sent to a multistage torrefaction and pyrolysis reactor to produce 
thermally fractionated bio-oil, biochar, and non-condensable gases. Product yields for multistage 
torrefaction and pyrolysis are 46.3% bio-oil (dry basis), 27.2% NCGs, 10.5% biochar, and 16% 
water on an ash-free mass basis, based on laboratory-scale experiments conducted at the 
University of Oklahoma. Comparatively, product yields for single-stage fast pyrolysis (500 OC) 
are 53.5% bio-oil, 24.3% NCGs, 9.01% biochar, and 13.2% water on an ash-free dry mass 
basis—based on experimental data from University of Oklahoma. Composition of the NCGs is 
estimated using an optimization routine that minimizes the Gibbs free energy of formation of 
several light hydrocarbons and gaseous products including CO, CO2, CH4, C2H6, C3H6, C3H8, H2, 
and H2O. Mass flows for thermally fractionated bio-oil streams are provided in Figure 22, a 
comparison with bio-oil produced via single stage fast pyrolysis (500 OC) of woody biomass, 
obtained from University of Oklahoma, is provided for reference. Post thermochemical 
conversion, biochar/ash is separated from bio-oil and NCGs via a cyclone separator and 
subsequently cogenerated on-site via a combined heat and power (CHP) unit to produce heat and 
electricity or transported off-site for use as a soil amendment. Torrefaction and pyrolysis vapors 
are cooled via a quench, and condense to form bio-oil. NCGs are separated from bio-oil via flash 
separation and subsequently flared to CO2 and vented onsite. Energy requirements for flaring are 
assumed to be minimal and thus not considered in this work. Several multistage design cases of 
varying process complexity are investigated for tailored upgrading of bio-oil fractions to 
transportation fuel. Multistage system 1 upgrades bio-oil fractions independently, targeting 
promising catalytic pathways based on the composition of each stream. Multistage system 2 
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employs an integrated strategy, upgrading stage 1 & 2 bio-oil concurrently. Multistage system 2 
focuses extensively on oxidation of bio-oil to carboxylic acids and subsequent ketonization, as a 
catalytic pathway to produce gasoline and diesel range fuel precursors. Multistage system 3 
adopts an integrated minimalist approach, utilizing a minimal number of design blocks to 
upgrade bio-oil to hydrocarbon fuels. This design strategy converts unstable, corrosive, and 
highly abundant acetic acid into ketones (acetone) via ketonization. Ketones and bio-oil 
intermediates are then hydrogenated to produce light alcohols, which are subsequently used as 
alkylating agents to upgrade furanics and phenolics.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
Figure 22. Model compound characterization of bio-oil derived via a three-stage torrefaction and pyrolysis 
design, and comparison with single-stage fast pyrolysis (500 OC). Mass flows of thermally fractionated bio-oil 
streams are reported based on a plant capacity of 2000 dry metric tonnes of biomass per day.  
  119 
Hydrodeoxygenation of alkylated furanics is assumed to produce linear-chain alkanes due 
to ring opening that occurs during hydroprocessing, while HDO of alkylated phenolics produces 
branched hydrocarbons. Due to high hydrogen partial pressure used in the reactor(s), no coking 
of the catalyst is assumed to occur during hydroprocessing. Furthermore, it is assumed that 
external hydrogen is produced via steam methane reforming of natural gas and supplied at a 
discharge pressure of 27 atm. Due to issues of Reid vapor pressure (RVP), only fuel compounds 
with a carbon chain length of C6 or greater are assumed to meet the requisite standards for 
transportation fuel. As such, light hydrocarbons (C1-C5) are separated from the fuel pool and 
sent to an onsite CHP unit to produce heat and power. Transportation of biomass-based diesel 
from the refinery-to-pump is based on the 2016 GREET model [269]. It is assumed that biomass-
based diesel is transported from refinery to bulk terminal assuming a transportation mix of 8% 
by barge, 29% by rail, 63% by heavy duty truck (on a mass basis) and a corresponding average 
transportation distance of 520 miles, 800 miles, and 50 miles respectively. Biomass-based diesel 
is subsequently transported from bulk terminal to refueling station via heavy-duty trucks 
assuming a one-way transportation distance of 30 miles.  
5.3.7 Coproduct Scenarios 
Several coproduct scenarios are considered for the produced biochar including (i) application as 
a soil-amendment and (ii) cogeneration via CHP to produce heat and electricity. Application of 
biochar as a soil amendment has been touted for its beneficial properties such as reduction in 
N2O emissions and leaching of nitrogen into groundwater [319], improved soil quality/fertility  
[320, 321] and crop yield [43, 46], heightened retention and bioavailability of soil nutrients and 
water [322], moderating soil pH, and increased biodiversity of beneficial soil microbes [323, 
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324]. For land application scenarios it is assumed that up to 20% of the carbon content of the 
biochar is emitted to the atmosphere as CO2 over a 100-year time horizon [257]. Due to lack of 
data regarding the bio-availability of nutrients in the biochar it is assumed that land application 
of biochar does not offset synthetic N,P,K fertilizers. Elemental composition of the biochar 
(C,H,O) is based on values reported in Enders et al. [325]. Diesel use for spreading and loading 
manure is used as a proxy to estimate the energy consumption and GHG emissions for land 
application of biochar, and are taken from Dalgaard et al. [248]. 
In the second scenario, biochar is combusted via CHP to produce heat and electricity to 
be used internally within the biorefinery and/or exported to the grid. Cogeneration of biochar 
and/or light hydrocarbons via CHP is modeled outside of the ASPEN simulation, and is 
constructed based on the higher heating value (HHV) of solid and liquid fuels as well as CHP 
conversion efficiencies [253]. The higher heating value for biochar and select model compounds 
is estimated based on the percentage carbon, hydrogen, oxygen, and ash content via correlations 
provided in Channiwala and Parikh [252]. Heat and power derived via combustion of biochar 
and/or light hydrocarbons is used to offset process utilities, excess electricity is sent to the grid 
while excess heat is discarded. 
5.3.8 Life Cycle Assessment 
The scope of the LCA is well-to-wheel and the functional unit is chosen as 1 MJ of renewable 
fuel. It is important to note that the functional unit used in this study does not account for 
vehicle-use efficiency (i.e. combustion efficiency), so that the results from this work can be 
compared against prior published literature. Prior biofuel LCA studies have shown that capital 
equipment and infrastructure have a negligible contribution to overall environmental impacts 
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[225, 308, 326-329], and thus are commonly excluded from the life cycle boundary [330]. As 
such, capital equipment and infrastructure related environmental impacts are assumed to be 
marginal and thus not considered in the analysis. Intergovernmental Panel for Climate Change 
(IPCC) 100-year global warming potential (GWP) [331] and Cumulative Energy Demand (CED) 
[332] characterization factors are used to quantify the life cycle GHG emissions and primary 
fossil energy consumption for biofuel production. Life cycle data is obtained from several 
sources including: United States Life Cycle Inventory (USLCI) [333], Ecoinvent Database [334], 
and industry data. Due to the proprietary nature of catalyst production, limited life cycle data is 
available for commercial catalysts. Life cycle impacts for catalysts are estimated via a zeolite 
product in the Ecoinvent database (Zeolite Powder), consistent with several prior studies [203, 
268].   
5.3.8.1 Stochastic Simulation for Uncertainty Quantification 
In this study, probability distribution functions (PDF) are developed for select key parameters in 
the biomass-to-fuel supply chain. Stochastic simulation (10,000 trials) is performed via (i) 
randomly sampling from PDFs and (ii) a method of statistical bootstrapping in which data is 
randomly sampled with replacements. Uncertainty in the life cycle impact assessment (LCIA) is 
captured via the use of Monte Carlo simulation (10,000 trials) to randomly sample from 
statistical distributions for GWP and CED characterization factors. The statistical approach used 
in this analysis captures variability at both the process and life cycle scale, and thus provides a 
holistic understanding of uncertainty in key sustainability and performance metrics. Summary 
information for distribution types as well as a detailed summary of all inventory data is provided 
in Appendix D.  
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5.3.8.2 Coproduct Handling in LCA 
Two LCA schemes were considered for dealing with coproducts in this work: (i) energy-based 
allocation and (ii) displacement method. In energy-based allocation, environmental burdens are 
partitioned between final renewable fuel (C6+) and exported bioelectricity based on their fraction 
of total energy flow (MJ). In the displacement method, exported electricity is assumed to 
displace the U.S. average grid mix, and the biofuel system is thus accredited with the ‘avoided’ 
environmental impacts of electricity production. Heat and electricity recycled internally within 
the biorefinery is not subject to allocation or displacement, as these flows are used to offset 
process utility requirements and thus do not leave the product system. For soil amendment 
coproduct scenarios, GHG abatement credits from land-application are subtracted from total life 
cycle GHG emissions prior to allocation procedures or displacement method.  
5.3.9 Environmental Sustainability Metrics 
5.3.9.1 Life Cycle GHG Emissions 
Life cycle GHG emissions are defined as the sum of direct and indirect GHG emissions that 
occur throughout all stages of the fuel life cycle. Life cycle GHG emissions are calculated over a 
specific time horizon and measured in units of carbon dioxide equivalents (CO2e). This work 
considers a 100-year time horizon and CO2e emissions from all fossil sources as well as select 
biogenic sources including: (1) biogenic CO2 emissions (or reductions) from direct land-use 
change, (2) biogenic GHG emissions from storage-off gases, and (3) GHG abatement from land 
application of biochar. In the carbon-accounting scheme used in this work, no carbon-
sequestration credit is given to carbon dioxide stored in SRWC via photosynthesis. 
Consequently, CO2 emissions resulting from storage-off gases, flaring of NCGs, combustion of 
  123 
light hydrocarbons (C1-C5), catalytic upgrading, combustion of biochar, and vehicle combustion 
of transportation fuel (C6+ fuel) is considered to be carbon-neutral, as it re-releases atmospheric 
carbon dioxide that is captured via SRWCs in the carbon cycle. In this framework a negative 
GHG credit is given to carbon sequestered via soil application of biochar, however volatilization 
and re-release of biochar-carbon as CO2 is carbon neutral (i.e. a 100-year GWP of O kg CO2e).   
5.3.9.1 Energy Return On Investment 
Energy return on investment has been widely used in the literature to assess the energetic 
viability of fuel and energy systems [19, 144, 147, 153, 177], and is defined as the ratio of fuel 
energy (MJ) to the primary fossil energy required for its production (MJ), shown in equation 7.  
 
       𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =  𝐹𝐹𝑉𝑉𝐿𝐿𝑓𝑓 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝑃𝑃 (𝑀𝑀𝑀𝑀)
𝑃𝑃𝐿𝐿𝑓𝑓𝑃𝑃𝐻𝐻𝐿𝐿𝑃𝑃 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐻𝐻𝑃𝑃 𝐼𝐼𝐻𝐻𝑛𝑛𝐿𝐿𝑓𝑓𝐻𝐻𝐿𝐿𝐹𝐹 (𝑀𝑀𝑀𝑀)    (7) 
 
Fuel energy is defined as the sum of the product of model compounds (e.g. hexane, 
heptane, octane, etc.) and their respective lower heating values (LHV). Biofuel systems with 
EROI values greater than 1 are desirable, as more fuel energy is produced than fossil primary 
energy required for its production over the life cycle.  
5.4 RESULTS AND DISCUSSION 
5.4.1 Product Distribution 
The product distribution for multistage design cases is plotted in Figure 23, and compared 
against a base-case fast-pyrolysis HDO fuel platform. Results reveal that the product-distribution 
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for the fast pyrolysis and HDO system range from C2-C7 in carbon number, with lower carbon 
chain length fuels (i.e. C2-C5) constituting the majority of the carbon in the fuel pool. The high 
formation of light hydrocarbons is due to: (i) abundance of light oxygenates and furanics in bio-
oil that are converted to low molecular weight alkanes during HDO, and (ii) conversion of 
levoglucosan, which constitutes ~38% of the bio-oil via fast pyrolysis on a mass basis, to C2, C3, 
and C4 hydrocarbons during hydroprocessing [335]. Thus, for fast pyrolysis HDO systems, only 
a small fraction of the total carbon in the fuel pool is retained in C6+ liquid products. 
Comparatively, the product distributions for multistage systems are skewed towards longer 
carbon chain length compounds in the gasoline and diesel-range. Multistage system 3 exhibits 
the most promising product profile of the examined design cases, with the majority of fuel 
products with a carbon number of C6 or greater, thus making it an excellent candidate for 
targeted production of gasoline and diesel-range fuels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
    
Figure 23. Product Carbon Distribution Comparison: Multistage System(s) vs. Fast Pyrolysis HDO 
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5.4.2 Process Scale Metrics 
Several process scale metrics are used to compare the performance of multistage systems and 
benchmark against a fast pyrolysis and HDO fuel platform, see Table 7. Results reveal that the 
base-case fast pyrolysis and HDO system has the highest absolute fuel yield (kg C / hr) of all 
examined biofuel systems, due to higher bio-oil yields obtained via fast pyrolysis, as well as loss 
of carbon (as CO2) that occurs during ketonization in multistage systems. However, the base-
case fast pyrolysis and HDO system has high process hydrogen consumption, and despite 
heightened absolute fuel yield—exhibits the lowest C6+ liquid carbon yield and C6+ carbon 
efficiency of all examined design cases, with only ~12% of the carbon in the initial biomass 
retained in C6+ liquid products. Further, for fast pyrolysis and HDO systems the ratio of C6+ 
fuel (C / hr) to hydrogen consumption (kg H2 / hr) is marginally greater than unity, indicating 
that these systems are grossly inefficient. Comparatively, multistage systems are found to lower 
process hydrogen consumption by ~40% relative to the base-case fast pyrolysis and HDO 
system, across all examined design cases. Further, multistage systems are able to retain a 
significant fraction of carbon in C6+ liquid products, with C6+ carbon efficiency and C6+ fuel-
to-hydrogen consumption ranging from 36% to ~47% and 6.4 to 8.0 (kg C / H2), respectively, 
across design cases. Multistage system 3 is found to have the highest performance across all 
design metrics and lowest process complexity relative to other multistage designs, and produces 
over four times the C6+ liquid carbon yield compared to fast pyrolysis and HDO systems. 
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Table 7. Critical Process Design and Performance Metrics for Fast Pyrolysis HDO and Multistage Systems 
 
Process Design Parameters &  
Performance Metrics 
Fast Pyrolysis 
HDO 
Multistage 
System 1 
Multistage 
System 2 
Multistage 
System 3 
Absolute Fuel Yield 
[kg FuelCarbon / hr] 21981 18451 17461 19358 
C6+ Liquid Carbon Yield 
[kg C6+ FuelCarbon / hr] 
4659 15448 13981 18350 
Hydrogen Consumption 
[kg H2 / hr] 
3875 2339 2195 2295 
C6+ Fuel to Hydrogen Consumption 
[kg C6+ Fuelcarbon / kg H2]  
1.2 6.6 6.4 8.0 
C6+ Carbon Efficiency 
[C6+ FuelCarbon / BiomassCarbon) x 100] 
12.1 40.1 36.3 47.6 
Process Complexity  
[# Decomposition, Upgrading Blocks] (1,1) (3,8) (3,5) (3,4) 
5.4.3 Energy Return On Investment 
Figure 24 plots the median EROI for hydrocarbon fuels produced via multistage systems, and 
benchmarks the results against a base-case fast pyrolysis and HDO fuel platform. Median values 
are presented instead of average values, as the distributions for sustainability metrics (i.e. EROI 
and life GHG Emissions) are non-symmetric and skewed. In fast pyrolysis and HDO systems, 
the displacement method generates highly distorted results due to the substantial coproduct credit 
received from exported electricity. In such circumstances EROI lacks meaningful interpretation, 
and indicates that displacement is not an appropriate method for accounting for coproduct flows 
and an alternate allocation procedure should be chosen [336]. Accordingly, for the base-case fast 
pyrolysis and HDO system only results obtained via energy-based allocation are presented in this 
work. The results from Figure 24 reveal that the median EROI for multistage systems range from 
1.32 to 3.76 MJ-fuel/MJ-primary fossil energy over the host of design cases analyzed. For fast 
pyrolysis and HDO the median EROI is near unity for either coproduct scenario for the biochar, 
indicating that these systems are not energetically viable over the life cycle. For all design cases, 
combustion of biochar via CHP results in higher overall EROI as compared to soil-amendment 
  127 
scenarios—due to reduced process utility requirements and higher quantities of exported 
coproduct electricity. Moreover, biochar-CHP scenarios utilizing displacement produce higher 
EROI relative to energy-based allocation across all design cases, due to the large coproduct 
credit received for ‘displaced’ electricity. For multistage systems in which biochar is used as a 
soil amendment, all coproduct electricity and heat is consumed internally within the biorefinery; 
consequentially, the results are invariant to the choice of displacement method or energy-based 
allocation. Multistage system 3 exhibits the highest median EROI (~3.76 MJ/MJ-Primary Fossil 
Energy) out of all examined systems, and shows substantial improvement over the base-case fast 
pyrolysis and HDO fuel platform. 
 
 
 
 
 
 
 
 
    
Figure 24. Energy Return on Investment for hydrocarbon biofuels produced via multistage systems and 
single stage fast pyrolysis and HDO. Results for displacement and energy-based allocation are presented for both 
Soil Amendment and Heat and Power biochar coproduct scenarios. Median values (i.e. 50th percentile) are presented; 
error bars represent the 10th and 90th percentile. 
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5.4.4 Life Cycle Energy Analysis 
Figure 25 presents the average primary fossil energy consumption by process input, normalized 
per MJ of fuel (C6+) output. The results from Figure 25 indicate that external hydrogen 
consumption constitutes the principle burden across all three systems, ranging from ~0.18 to 0.24 
MJ-Primary Fossil Energy/MJ-Fuel. For multistage systems 1 and 2 the use of H2O2 as an 
oxidizing agent during hydrolysis and oxidation results in high primary fossil-energy 
consumption, primarily driven by the high upstream impacts of hydrogen peroxide production, 
and suggests that an alternative-oxidizing agent may enhance the environmental performance of 
these systems. Net electricity utility constitutes a large primary fossil energy impact for soil-
amendment pathways, due to the high electricity requirement for biomass pretreatment as well as 
for hydrogen compression. For biochar-CHP scenarios, all process utilities are met with heat and 
electricity-produced onsite. Agrochemicals constitute a significant energy burden across all 
design cases and coproduct scenarios, ranging from ~0.08 to 0.11 MJ-Primary Fossil Energy/MJ-
Fuel, due to high upstream impacts of N-fertilizer production. Primary fossil-energy 
consumption for diesel use as well as transportation were found to be marginal as compared to 
other fossil-intensive material and energy inputs (i.e. hydrogen consumption). 
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Figure 25. Life cycle fossil energy analysis. Average primary energy impacts for process inputs and 
coproduct are normalized to 1 MJ of hydrocarbon biofuel. Well-to-wheel results are shown utilizing the 
displacement method. Negative values indicate primary fossil energy credit from coproducts, while positive values 
indicate primary fossil energy consumption for material and energy inputs. Net primary energy consumption 
represents the difference between primary fossil energy consumed in the supply chain and coproduct primary fossil 
energy credit. The error bars represent the 10th and 90th percentile. 
5.4.5 Life Cycle GHG Emissions 
Figure 26 plots the median life cycle GHG emissions for multistage and base-case systems, and 
compares the results against the U.S. Environmental Protection Agencies (EPA) renewable fuels 
standard (RFS2) 50% GHG reduction threshold relative to petroleum diesel. Results reveal that 
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the median life cycle GHG emissions for fast pyrolysis and HDO systems range from 52 to 87 
gCO2e/MJ-Fuel for biochar -soil amendment and -CHP scenarios, respectively. These results are 
startling and suggest that the life cycle GHG emissions for fast pyrolysis and HDO systems may 
be comparable to baseline petroleum fuels (~91.94 gCO2e/MJ-Petroleum Diesel [337]). 
Conversely, life cycle GHG emissions profiles for multistage systems range from 17.1 to 52.8 
across design cases, corresponding to life cycle GHG emissions reductions of 42.5 to 81.5% 
relative to baseline petroleum fuels. For multistage systems, land application of biochar results in 
lower GHG emissions relative to combustion via CHP and meets the RFS2 50% GHG reduction 
threshold for bio-based diesel across all examined multistage design cases. For biochar-CHP 
coproduct scenarios, with the exception of multistage system 2 using energy based-allocation, all 
combinations of multistage systems and allocation schemes are able to achieve sufficient median 
GHG reductions to qualify for the RFS2 mandate. Further, for a fixed coproduct scenario or 
allocation scheme the results reveal that multistage system 3 has the lowest overall GHG 
emissions across all examined systems, and thus holds promise as a commercial platform for 
next-generation biofuels. 
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Figure 26. Life cycle GHG Emissions for hydrocarbon biofuels produced via multistage systems and single 
stage fast pyrolysis and HDO. Results for displacement and energy-based allocation are presented for both Soil 
Amendment and Heat and Power biochar coproduct scenarios. Median values (i.e. 50th percentile) are presented; 
error bars represent the 10th and 90th percentile. Life cycle GHG emissions for Petroleum Diesel is taken to be 
~91.94 gCO2e/MJ-Diesel [337]. 
5.4.6 Life Cycle GHG Analysis 
Figure 27 presents the average life cycle GHG emissions by process input, normalized per MJ of 
fuel (C6+) output. The results from Figure 27 indicate that external fossil hydrogen supply, 
agrochemicals, catalysts and chemical reagents, and net electricity utility constitute the majority 
of GHG emissions over the fuel life cycle. External fossil hydrogen consumption is the largest 
GHG burden across all three systems, ranging from ~20.2 to 26.1 gCO2e/MJ-Fuel, due to the 
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high life cycle GHG intensity of H2 production via steam-methane reforming of natural gas. The 
use of agrochemicals results in high overall GHG emissions across all design cases and 
coproduct scenarios, ranging from ~9.2 to 11.3 gCO2e/MJ-Fuel, due to high upstream impacts of 
N-Fertilizer production as well as N2O emissions as a result of direct/indirect N volatilization. 
Application of biochar as a soil amendment results in a large GHG sequestration credit ranging 
from approximately -25.3 to -34.2 gCO2e/MJ-Fuel across designs. Production of SRWCs was 
found to increase overall SOC concentrations relative to grassland land-type, resulting in carbon 
abatement. After accounting for removal of above and belowground biomass during land 
conversion, as well as changes to the SOC concentration, average dLUC impacts are found to be 
marginally carbon negative—ranging from approximately -2.3 to -3.1 gCO2e/MJ-Fuel across 
design cases. 
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Figure 27. Life Cycle GHG Analysis. Average life cycle GHG impacts for process inputs and coproduct 
are normalized to 1 MJ of hydrocarbon biofuel. Well-to-wheel results are shown utilizing the displacement method. 
Negative values indicate GHG credit from coproducts, while positive values indicate life cycle GHG emissions for 
material and energy inputs. WTW life cycle GHG emissions represent the difference between life cycle GHG 
emissions throughout the supply chain and coproduct GHG credit. 
5.4.7 Sensitivity Analysis 
Sensitivity analysis was conducted to determine how variation in model parameters influence 
key sustainability metrics under different coproduct scenarios and allocation schemes. Figure 28 
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presents a series of tornado plots for life-cycle GHG emissions and EROI for multistage system 
3 using energy-based allocation, Results using the displacement method are provided in 
Appendix D. Results reveal that key sustainability metrics are highly sensitive to liquid fuel 
yield, hydrogen consumption, and biochar yield. These findings highlight the utility of catalytic 
strategies for improving the environmental profile of biofuel systems, i.e. via increasing the 
liquid carbon fuel yield through C-C coupling reactions while simultaneously reducing hydrogen 
consumption, and are reflected in the large differential in observed environmental performance 
(i.e. EROI and life cycle GHG emissions) between multistage and base-case systems. Past 
research has suggested that the environmental performance of biofuel systems could be increased 
via converting the aqueous fraction of the bio-oil to bio-hydrogen [338]. However, given the 
high sensitivity of the results to liquid fuel yield, the findings from Figure 28 suggest that it is 
more advantageous to convert light molecular weight bio-oil compounds to hydrocarbon fuels 
via catalytic routes, as compared to conversion to bio-hydrogen, as it results in higher median 
EROI and lower life cycle GHG emissions. 
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Figure 28. Sensitivity Analysis: Multistage Stage Design Case #3. Tornado Plots for Median EROI and 
Life Cycle GHG Emissions using Energy-based Allocation. 
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5.5 CONCLUSIONS 
This work is proof of concept that multistage torrefaction/pyrolysis and in-situ catalytic 
upgrading is an environmentally sustainable and promising platform for producing hydrocarbon 
transportation fuels. The results of this work have shown that multistage system 3 has the highest 
environmental performance of the examined design cases, and suggest that reduction in overall 
process complexity can be achieved via collapsing the two torrefaction stages (i.e. stage 1 and 
stage 2) into a single reactor. Furthermore, the results of this work have shown that hydrocarbon 
biofuels produced via multistage systems have promising EROI and GHG emissions profiles, 
with over 80% reduction in life cycle GHG emissions relative to baseline petroleum fuels, but 
are sensitive to the choice of LCA allocation scheme and coproduct scenario for the produced 
biochar. Fossil-derived hydrogen was found to constitute the principle GHG and primary energy 
burden across all systems. Additionally, while primary energy consumption and life cycle GHG 
emissions are two important metrics for benchmarking and screening the sustainability of 
emerging fuel pathways, single-metric analysis fails to capture broader environmental 
externalities and unintended consequences that may compromise the long-term sustainability of 
these systems [339]. Accordingly, additional criteria such as process economics, impacts on 
water and air quality, biodiversity, human health, ecological wellbeing [197], etc. must be 
considered so that biofuel production does not inadvertently shift environment impacts across 
domains or outside the analytic boundary. While outside the scope of this study, techno-
economic analysis is to necessary to determine the economic and commercial viability of 
hydrocarbon fuels produced via multistage torrefaction and catalytic upgrading. Further, 
concurrent production of hydrocarbon biofuels and high-value bio-based chemicals via 
lignocellulosic biorefineries has received attention from national actors such as the U.S. 
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Department of Energy for their potential for mitigating risk, improving process economics, and 
reducing environmental impacts across the life cycle [340-343]. Multistage torrefaction and 
pyrolysis systems unique thermal fractionation and catalytic upgrading design show merit for the 
coproduction and valorization of platform/specialty chemicals and hydrocarbon biofuels, and 
should be considered in future environmental sustainability assessments.  
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6.0  DESIGN OF SUSTAINABLE BIOFUEL PROCESSES AND SUPPLY CHAINS: 
CHALLENGES AND OPPORTUNITIES 
The following chapter is based on a peer-reviewed article published in Processes with the 
citation:  
 
Zaimes, G. G., Vora, N.; Chopra, S. S.; Landis, A. E.; Khanna, V., Design of Sustainable Biofuel 
Processes and Supply Chains: Challenges and Opportunities. Processes, 2015. 3(3): p. 
634-663. 
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6.1 CHAPTER SUMMARY 
 
The current methodological approach for developing sustainable biofuel processes and supply 
chains is flawed. Life cycle principles are often retrospectively incorporated in the design phase 
resulting in incremental environmental improvement rather than a priori selection of fuel 
pathways that minimize environmental impacts across the life cycle. Further, designing 
sustainable biofuel supply chains requires joint consideration of economic, environmental, and 
social factors that span multiple spatial and temporal scales. However, traditional life cycle 
assessment (LCA) ignores economic aspects and the role of ecological goods and services in 
supply chains, and hence is limited in its ability for guiding decision-making among 
alternatives—often resulting in sub-optimal solutions. Simultaneously incorporating economic 
and environment objectives in the design and optimization of emerging biofuel supply chains 
requires a radical new paradigm. This work discusses key research opportunities and challenges 
in the design of emerging biofuel supply chains  
and provides a high-level overview of the current “state of the art” in environmental 
sustainability assessment of biofuel production and proposes a novel modular multiscale and 
multiobjective optimization framework for the sustainable design of emerging biofuel supply 
chains. 
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6.2 DESIGNING SUSTAINABLE BIOFUEL SUPPLY CHAINS 
Recent interest in biofuels has led to the development and use of models and computational tools 
at multiple scales including large-scale crop models, detailed chemical process design 
simulations, life cycle assessment models, and mathematical optimization tools. While these 
computational methods each provide unique and novel insights into the sustainability of 
emerging biofuels, these tools are often used in isolation and thus are limited in their ability for 
guiding decision-making. Synthesis of these models and tools into a unified framework is 
required to provide a broader understanding of the sustainability of emerging biomass-to-fuel 
supply chains. Accordingly, this work discusses a modular multi-scale and multi-objective 
optimization framework spanning from the field/lab scale, to the detailed process scale, the life 
cycle scale, and finally the ecosystems scale for holistic sustainability assessment of biofuel 
production; see Figure 29. The envisioned multi-scale approach evaluates the process in a 
hierarchical fashion, starting from the field/lab scale and expanding the system boundaries as 
successive scales are added. Information from lab/field trials such as reactor kinetic studies, 
pilot-scale biomass growth trials, and experimental trials on biofuel yields are used to 
parameterize design blocks and crop models used at the process level. Information such as liquid 
product distribution and operating plant utility requirements obtained via the process level is 
subsequently utilized to model unit processes in the supply chain. Information at the supply 
chain is coupled with the larger economy and ecosystems via the use of environmentally 
extended economic models. Such an approach is conceptually attractive since it facilitates the 
evaluation procedure starting with simple systems and increasing complexity gradually as 
successive information layers are added. This approach can allow for screening out bad 
alternatives, for example, those with a negative economic potential early in the design stage thus 
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saving computational time and providing a range of alternatives to the decision maker while 
avoiding arbitrary combinations. Further, the proposed framework considers multi-objective 
optimization over the broader superstructure to identify supply chain configurations that 
optimize ecological and economic performance while simultaneous achieving minimum 
threshold sustainability criteria. Design opportunities and challenges for each scale of analysis 
are discussed in the following sections.  
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Figure 29. Modular Multi-scale, Multi-objective, Biofuel Supply Chain Optimization Framework 
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6.2.1 Field Trials and Laboratory Scale Experiments 
The first level of analysis involves field trials and laboratory scale experiments such as model 
compound studies [312, 313], effects of catalysts and reactor conditions on product streams 
[273], estimation of fuel properties [344], reactor kinetic studies [345, 346], pilot-scale biomass 
growth trials [215], and the effect of varying fertilizer and management practice on biomass 
yield [243, 347]. This research is often focused on understanding the mechanism or principles 
underlying experimental observation, or determining the technically feasibility of an emerging 
technology. Factorial designs are often implemented to study the effect of each effect factor on 
the response variable (i.e. biofuel yield), as well as the effect of interactions between factors on 
the response variable [348]. Further, data at the field/lab scale typically has low uncertainty, and 
is often used for calibration and parameterization in process models.  
6.2.2 Process Scale 
The next tier of analysis involves the use of agricultural crop models as well as traditional 
process design analysis. A variety of large-scale crop models have been developed to simulate 
bioenergy crop production including herbaceous crops (EPIC, ALMANAC, MISCANMOD, 
MISCANFOR, WIMOVAC, Agro-IBIS, Agro-BGC, APSIM, AUSCANE, LPJmL, 
CANEGRO), woody bioenergy crops (3PG, SECRETS), and crassulacean acid metabolism 
crops (EPI) [349]. These models simulate biomass yield, nutrient cycling, water requirements, 
carbon flux, and other key parameters under different crop management practices. Recent efforts 
have been made to integrate these models with Geographic Information Systems (GIS) to create 
spatially explicit large-scale crop models [350]. Conversion of biomass to fuel can be modeled 
using conventional process simulators such as Aspen Plus, ChemCAD, or SuperPro [351]. Inputs 
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to the biorefinery generally include the raw materials and utilities such as biomass, steam, 
electricity, and cooling water. Similarly, the final products typically include biofuel, coproducts, 
waste, and emissions. Process simulators provide a scientifically rigorous method for 
determining the utility requirements as well as material and energy flows for conversion of 
biomass to renewable transportation fuel. Information at this scale of analysis is often used for 
developing technoeconomic models [37, 352], with the primary objective of maximizing 
material and energy efficiency while concurrently minimizing operating costs. Life cycle 
considerations such as the embodied impacts of material and energy inputs are not considered 
within the scope of analysis at this scale, thus decision-making based solely on information at the 
process scale could result in unsustainable design choices. For example, analysis based solely on 
the process scale could result in selection of high quality resources (i.e. fossil fuels) for 
maximizing plant performance and economics; however, these resources often have high 
upstream environmental or human health impacts. 
6.2.3 Modeling the Supply Chain and Life Cycle 
The third level of analysis extends the analytic boundary to consider the material, energy, and 
emissions flows throughout the entire supply chain. This holistic systems approach captures 
environmental impacts that are outside the purview of the traditional process design boundary. 
Life cycle Assessment (LCA) is one of the most common approaches for evaluating the 
environmental impact of a product or a process over its entire life cycle, and in recent years has 
emerged as the predominant method for analyzing the environmental sustainability of emerging 
biofuel platforms [56, 75, 91, 144, 147, 208, 211, 261]. LCA considers impacts throughout all 
stages of the fuel life cycle—from raw material acquisition, to fuel conversion, and final use. 
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LCA allows for a comprehensive understanding of the environmental impacts that occur at each 
stage of the supply chain, enabling the LCA practitioner to identify processes responsible for 
highest environmental burden and thus target these areas for process improvement. LCA can be 
used to quantify the anticipated impacts of a product or service prior to its widespread adoption, 
thus identifying and avoiding potential environmental pollutants, wastes, and environmental 
damages before they become embedded within the supply chain. Further, LCA can be used to 
compare the environmental performance between two products with the same functionality and 
can inform environmentally conscious decision-making. Garcia and You reviewed major 
challenges and opportunities in supply chain design and optimization—identifying several key 
technical challenges including (i) multiscale challenges, (ii) multiobjective and sustainability 
challenges, and (iii) multi-player challenges [353]. 
6.2.3.1 Process LCA 
LCA is a data intensive approach and has been extensively applied to study biofuel systems over 
the past decade. Several different LCA modeling methods have been developed; the most widely 
used LCA approach (i.e., Process-LCA) defines a finite boundary by selecting the most 
important processes in a life cycle [95]. Data concerning the resource consumption and 
emissions for these processes are developed and compiled to generate a life cycle inventory 
(LCI). The life cycle impact assessment (LCIA) phase translates the energy, resource, and 
emissions flows identified in the LCI into their potential consequences for human health and the 
environment, and consists of a two-step process of impact classification and quantitative 
characterization. The classification step links each LCI flow with its related impacts on resource 
use, human health, and the environment. The characterization step calculates the magnitude of 
the associated impacts in terms of a reference unit for each category via multiplying the related 
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resource, material, or energy flows with their respective impact factors. Translating the 
environmental impacts to a reference unit provides a common basis or measure for the generated 
impact, so that different emissions and resources can be compared and aggregated using  
a common unit. Data required for LCA can be obtained via commercial life cycle databases  
(e.g., ecoinvent [96]), publicly available life cycle data (e.g., OpenLCA [97], USLCI [98], 
GREET [99]), information from the open literature, or proprietary information. 
Although widely used, process LCA suffers from many limitations including the use of 
an arbitrary life cycle boundary, combining data in disparate units and at multiple spatial and 
temporal scales, dealing with high dimensionality data involving varying degrees of uncertainty, 
and dealing with processes having a range of emissions [11]. Furthermore, for a system that 
simultaneously produces multiple products and coproducts these is no universally accepted 
method as to how to apportion the environmental impacts amongst said products. This is 
particularly important for biofuel systems in which non-fuel coproducts represent a significant 
fraction of total market value, mass, or energy flow as the choice of allocation procedure can 
often yield divergent results concerning the sustainability of these systems [100,101]. 
Additionally, biofuel LCAs often utilize differing functional units, system boundaries, allocation 
schemes, impact assessment methods, and report different sustainability metrics. Consequently, 
it is not unusual for LCA practitioners to obtain contradictory LCA results for the same system; 
this discrepancy has led to several harmonization and meta-analysis studies in the biofuels 
literature [102,103]. Data used in process LCA is at an intermediate scale since it is typically 
averaged to represent manufacturing processes, thus making it of limited use for making 
environmentally conscious engineering decisions about an individual process or equipment, 
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which are at a finer scale, or for evaluating the effect on the macro economy, which is at a 
coarser scale. 
6.2.3.2 EIO-LCA and Hybrid LCA 
Input-output (IO) models, first developed by Nobel Prize winning economist Wassily Leontief, 
provide a mathematical framework for quantifying the inter-industrial connections and economic 
flows between different industrial sectors in the economy [104]. The traditional IO framework 
can be extended to consider the environmental impacts, emissions, and resource use for 
industrial sectors in the economy; and thus be utilized to perform LCA at the economy scale. 
This approach, known as Economic Input-Output LCA (EIO-LCA) [105], does not suffer from 
the challenge of defining a finite life cycle boundary as does Process LCA. Further, EIO-LCA 
uses a relatively complete network, but at a coarse scale of resolution. Data at this scale often do 
not include the use phase of the life cycle. Recently, Bakshi and colleagues have developed 
Ecologically-based Life Cycle Assessment (EcoLCA), an environmentally extended input-output 
life cycle model capable of accounting for the consumption/role of ecosystem goods and services 
in a life cycle framework [106,107]. The EcoLCA model extends the traditional I-O framework 
to consider the direct and indirect environmental impacts that result from economic activities; 
including ecological and natural resource consumption, emissions, land-use, and other 
environmental impact categories [108–110]. EcoLCA quantifies ecological resource 
consumption using a hierarchy of thermodynamic metrics including energy, industrial 
cumulative exergy consumption (ICEC), and ecological cumulative exergy consumption 
(ECEC), as well as mass flow. However, while exergy-based methods for thermodynamic 
aggregation of natural resource consumption may provide useful insights, these methods have 
their own limitations and are debated in the literature [111–118]. Research on combining the best 
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advantages of Process LCA and EIO-LCA has also resulted in Hybrid LCA approaches, which 
combine the details of Process LCA with the greater completeness of EIOLCA [119,120]. 
Hybrid LCA attempts to balance computational tractability, completeness, and the use of detailed 
information. 
LCA models may also differ in the approach employed to address the material and energy 
flows in the system under investigation. The attributional LCA (ALCA) methodology, which has 
been utilized for a vast majority of the LCA studies, attempts to quantify the flow of resources 
and emissions from a product system and its subsystems. Emissions and their impact are 
attributed to the final product by one of the several available methods (allocation or system 
expansion). However, researchers have argued that it is not fully possible to draw conclusions on 
future changes by using only ALCA [121,122]. In contrast, consequential LCA (CLCA) 
methodology, aims to explain how the physical flows to and from the technosphere may change 
in response to a change in the life cycle of the product or service [123]. CLCAs attempt to 
consider a much broader system boundary. The most commonly employed form of a CLCA 
considers the use of economic models that track monetary, material, and energy flows across 
economic systems. This is generally accomplished using marginal data and is accounted for on 
the basis of price elasticity of supply and demand [124–126]. 
The US Environmental Protection Agency (US EPA) has used a multi-market multi-
region partial equilibrium model to determine land use change emissions in biofuel lifecycles. 
Several dynamic general/partial equilibrium models have been used to predict the implications of 
biofuel policy and commercialization on land use, international/domestic trade, and GHG fluxes 
and commodity markets within the agricultural sector including the Global Trade Analysis 
Project (GTAP), the Market Allocation Model, the Forestry and Agricultural Sector 
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Optimization Model (FASOM), and the Food and Agricultural Policy Research Institute model, 
LEI-TAP model, and Modular Applied General Equilibrium Tool, Center for Agricultural and 
Rural Development model, International Model for Policy Analysis of Agricultural Commodities 
and Trade model, Common Agricultural Policy Regional Impact Analysis model, the Worldwide 
Agribusiness Linkage Program and Commodity Simulation Model, and the Modeling 
International Relationships in Applied General Equilibrium model [127–132]. However, lack of 
model transparency and high complexity often limit the utility of these approaches. Furthermore, 
these models often vary in regards to data requirements, scope, and model resolution. For 
example, models such as FASOM have high resolution for the United States but lack information 
regarding international trade; while models such as GTAP can provide estimates for domestic 
and international land-use change but at a low level resolution. Synthesis and coupling these 
dynamic economic models with biophysical land-use models such as the Integrated Model to 
Assess the Greenhouse Effect, Conversion of Land Use and its Effects as well as energy models 
such as the PRIMES Energy System Model can help support informed decision making 
[133,134]. However, it is important to note that that economic systems exhibit structural 
inconstancy (i.e., change in individual behavior in response to a policy change), and coupling 
economic and biophysical models will increase overall model uncertainty [135]. Plevin et al. pair 
an economic-computable general equilibrium model with a CO2 emissions estimation model and 
conclude that due to parametric uncertainties, the results obtained should be used for developing 
a range of possible results for comparison purposes rather than as deterministic estimates of land 
use change emissions [136]. 
LCAs of emerging technologies are difficult to conduct due to lack of technology specific 
data, dynamic and rapidly evolving systems, and isolation of environmental research from 
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technical developments [137]. Prospective LCAs involve estimating environmental impacts of 
possible future scenarios and are affected by the choice of time horizon, complexity of the 
system, and extent of stakeholder engagement. Studies have used approaches such as scenario 
analysis [138,139], participatory methods involving expert elicitations and stakeholder opinions 
[137] and modeling of economic transactions to understand market-mediated effects [140]. Many 
of the challenges associated with prospective LCA can be overcome with inclusion of life cycle 
thinking at an early stage in research and development (R&D) via a collaborative dialogue 
between industry experts, stakeholders, and LCA practitioners. 
Analysis at this scale is often focused on improving efficiency and reducing 
environmental impacts across the life cycle, utilizing methods and metrics such as eco-
efficiency, life cycle GHG emissions, net energy analysis, water footprint, and others. However, 
these methods fail to capture the impact of biofuel life cycles on ecological goods and services, 
i.e. the fundamental goods and services provided by nature that sustain human life and are the 
fodder for all man-made capital and industrial activity [354]. Consequently, decisions based on 
these methods could result in unsustainable choices including heightened depletion and 
degradation of natural capital and ecosystems [153, 355, 356]. 
6.2.4 Ecosystems Scale 
The final tier of analysis extends the analytic scope to consider the role of ecological goods and 
services throughout the supply chain. As ecological goods and services play a fundamental role 
in sustaining industrial activity, it is paramount to account for their role in evaluating the impact 
and sustainability of emerging biofuel platforms. Examples of ecological goods and services 
include: timber, food, water, energy resources, clean air, minerals and ores, purification of air 
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and water resources, flood and drought mitigation, pollination of crops and vegetation, 
maintenance of global biodiversity, as well as climate and disease regulation [357-359]. Since it 
is computationally intractable to model the complete supply chain by including each process as 
done at the life cycle level of analysis, the approach leveraged at this scale of analysis is closely 
related to existing hybrid (tiered) LCA methods in which a process level model is used to 
determine process level consumption of ecological goods and services while economy wide-
impacts are incorporated using EcoLCA [151, 155, 156, 173, 183].  
Process level flows of ecological goods and services can be modeled using a host of 
computational models. Detailed models such as Century, EPIC, APEX, and SWAT can be used 
to simulate the effects of land management decisions on soil, water, nutrients and watersheds; 
however, these tools are data intensive and suffer from high model complexity [360-362]. The 
Integrated Valuation of Ecosystems Services and Tradeoffs (InVEST) modeling suite can be 
used to quantify and map a variety of regional ecosystems goods services as well as biodiversity 
for both terrestrial and marine environments including crop pollination, habitat quality, habitat 
risk assessment, managed timber production, managed fish aquaculture, marine water quality, 
sediment retention, water purification, carbon sequestration, and others [363]. Further, InVEST 
model(s) are open-source, generally simpler, more transparent, and user friendly as compared to 
the aforementioned approaches. Integrating these computational models with EcoLCA can 
provide a holistic understanding of the potential impacts and tradeoffs of biofuel production on 
ecological resources and biodiversity. Although this tier of analysis is the most comprehensive it 
often has high uncertainty due to (i) variability that is propagated and compounded at each 
preceding level of analysis (i.e. from lab/field scale, to process scale, to supply chain), and (ii) 
high uncertainty in the modeling approaches used to quantify ecological goods and services.  
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Bakshi and colleagues have developed and applied a hybrid EcoLCA framework to 
investigate the sustainability of petroleum transportation fuels as well as select first and second-
generation biofuels [150, 153]. More recently, this framework has been applied to study 
emerging microalgal biofuel systems [197]. The results of these studies reveal that biofuels have 
high renewability but typically have low thermodynamic return on investment relative to 
baseline petroleum fuels. The low energy return on investment for biofuels is concerning as prior 
studies have suggested that a liquid technical fuel must achieve minimum threshold energy 
return on investment (EROI) values to sustain society, failure to meet this minimum EROI 
criterion could result in widespread economic and social ramifications as more useful work must 
be expended by society for fuel production and thus cannot sustain other economic activities 
[178, 266]. Recently, Bakshi and colleagues have developed a conceptual framework for 
designing technological and ecological systems that encourages synergy between human activity 
and nature [364, 365]. The proposed techno-ecological synergy (TES) framework considers the 
demand of ecological goods and services from technological systems at multiple spatial scales 
ranging from the individual process scale, to supply chains and life cycles, as well as the supply 
of ecological good and services from ecological systems ranging from regional, to watershed, to 
global. The TES framework aims to reduce overconsumption of natural capital, and promotes 
technological systems to operate within safe ecological boundaries at multiple analytic scales. 
Application of the TES framework can provide unique insights into the sustainability of 
emerging biofuel supply chains. 
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6.2.5 Accounting for Multiple Objectives and Scales in Designing Sustainable Biofuel 
Supply Chains 
Environmentally conscious development of emerging biofuel pathways requires addressing 
alternatives that exist at each step along the life cycle with the possibility of a multitude of useful 
coproducts and waste streams. As such, decisions based on optimizing a single criterion (such as 
carbon footprint, EROI, or economic potential) can lead to the unintended consequence of trading 
one environmental problem for another. Many studies have focused on evaluating bioenergy 
potential encompassing several criteria—economic performance, environmental and social 
impact and have developed several tools that quantify these indicators [157]. For example, the 
SCORE Model developed by Krajnc and Domac uses a mix of qualitative and quantitative 
indicators such as contribution to forest management, impact of regional unemployment, CO2 
emissions, and percentage of self-sufficiency in electricity production, to analyze the 
sustainability of woody biomass production [158]. 
Studies often employ various optimization techniques to design an optimal biomass 
supply chain based on multiple criteria [159,160]. Formulating the design problem as a 
mathematical optimization task has been a common approach for analyzing technological 
systems. The design problem is generally formulated as either a mixed integer linear or non-
linear optimization problem [161,162]. Research efforts have also resulted in coupling the design 
problem with LCA by quantifying the life cycle impacts of process alternatives. This could be 
accomplished using either single objective or multi-objective optimization (MOP) resulting in 
designs or options that represent the best compromise between the selected design criteria 
[163,164] Several studies have utilized MOP for the strategic design and implementation of 
biofuel systems. Zamboni et al. developed a spatially explicitly mixed integer linear program 
(MILP) optimization model for bioethanol production systems that simultaneously considers 
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supply chain costs and life cycle GHG emissions [165,166]. De Meyer et al. developed a 
generalized mathematical model, OPTIMASS, that optimizes over strategic and tactical 
decisions, and can be used to investigate the potential effect of policy changes, emerging 
biofeedstocks, technological adoption/evolution, and logistics on the environmental 
sustainability of biofuel supply chains [167]. Čuček et al. coupled MOP with a regional biomass 
supply chain model [168].Mele et al. developed a MILP optimization model to optimize 
economic and environmental objectives of the biofuel production chain, and applied the model to 
the sugarcane industry in Argentina [169]. More recently, Yue et al. developed a multi-objective 
life cycle optimization framework and applied it to study emerging hydrocarbon biofuel 
production [170]. MOP can be used to identify design solutions that optimize economic, 
environmental, and ecological dimensions of biofuel production; this set of optimal points 
constitutes a Pareto frontier in the design-solution space. Moreover, solutions that do not lie on 
the Pareto frontier are either infeasible or are sub-optimal. The Pareto frontier is particularly 
useful in MOP problems since by restricting attention to the set of choices that are Pareto 
efficient, a designer can evaluate tradeoffs within this set, rather than considering the full range 
of every parameter. Further, MOP can be used to identify the optimal mix of useful coproducts 
satisfying the selected set of life cycle environmental constraints. An alternative to mathematical 
programing is a heuristic approach that employs algorithms based on artificial intelligence to 
obtain a satisfactory local optimal solution, when a global optimal solution is not possible. 
Studies have employed various algorithms such as particle swarm optimization, genetic 
algorithms or honeybee foraging algorithms to identify a range of optimal solutions for various 
aspects of the biomass supply chain [171–173]. These approaches are expected to lead to the 
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identification of synergies between feedstock production, processing methods, and the final mix 
of fuels and coproducts for the sustainable design of biorefineries [170,174,175]. 
6.2.5.1 Uncertainty and Variability  
Emerging hydrocarbon biofuel platforms have a high degree of uncertainty [176], due to lack of 
commercialization, climatic variability, technological evolution, material and energy price 
volatility, variability in supply and demand dynamics, dynamic effects in ecosystems, and 
changes in biofuel incentives and legislation over time. Further, sources of modeling uncertainty 
generally include: (i) parameter uncertainty; (ii) technological uncertainty; (iii) random error; 
(iv) systematic uncertainty; (v) methodological uncertainty; (vi) parametric variability; (vii) 
structural uncertainty; (viii) algorithmic/interpolation uncertainty; and (ix) policy uncertainty. 
These sources of uncertainty introduce variability at each stage of the analysis, which are 
compounded and propagated with subsequent modeling scales and the use of higher complexity 
models. Several commons approaches are often utilized to quantify uncertainty in environmental 
sustainability analysis including stochastic modeling and one-at-a-time (OAT) sensitivity 
analysis [177–179]. It is important to note that the primary utility of environmental sustainability 
analysis is to identify potential environmental impacts or damages of emerging technologies at 
early stages of R&D. However, recommendations at the design/conceptual phase typically have 
high uncertainty, which is often only reduced after large investments and progress in R&D have 
been made. As such, environmental sustainability analysis of emerging technologies inherently 
faces a tradeoff between utility and uncertainty. Additionally, for biofuel production uncertainty in 
upstream processes can translate into heightened risk downstream. For example, farmers are 
often reluctant to grow second generation biofeedstocks due to their high fixed cost of production, 
long establishment period, and uncertainty regarding the demand for these crops. However, the 
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lack of large-scale agricultural production of second generation biofeedstocks generates 
heightened risk for developing next generation biorefineries, thus potentially limiting the demand 
for second-generation biofeedstocks. 
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7.0  CONCLUSIONS AND FUTURE WORK 
In its inception, first generation biofuels were touted as a revolutionary new renewable and 
sustainable fuel source. Technological exuberance and naivety lead to their large-scale 
commercialization without proper consideration of the potential widespread consequences for 
industry and the environment. Since then, a multitude of studies have shown that the production 
and use of first generation biofuels has resulted in detrimental impacts on the ecosphere, 
environment, economy, and social welfare [64, 366]. As biofuel production is inherently 
interconnected with various critical sectors of the economy (i.e. agriculture, transportation, etc), 
it is crucial to understand the potential widespread impact of emerging 2nd generation biofuels on 
economics, environment, and human welfare prior to their widespread adoption and 
commercialization. To date, the scientific consensus is inconclusive on several pivotal questions 
within the sustainability and fuel/energy discourse, including: (I) What are the potential 
environmental impacts and ecological resource consumption for large-scale 2nd generation 
biofuel production,  (II) how do different technological and coproduct scenarios as well as LCA 
allocation schemes effect the environmental profile of nascent biofuel pathways, (III) do 
biofuel(s) met compliance with life-cycle GHG emissions reductions thresholds set by U.S. 
federal regulatory programs and/or select key sustainability criteria (such as critical EROI 
performance thresholds), and (IV) what are the tradeoffs between various combinations of 
  158 
biofeedstocks and fuels platforms—which provide the greatest potential benefits? This work 
sought to answer these questions piecewise using a case-study approach.  
Chapter 2 investigated the environmental impacts of producing dried algal biomass 
through the cultivation of microalgae in Open Raceway Ponds (ORP) for 21 geographic 
locations in the contiguous United States (RQ #1). The results indicate that microalgal biomass 
has a marginally positive energy balance and is plagued with high technological uncertainty, but 
has potential for GHG reductions via synergies with industrial processes. EROI & GHG 
emissions for microalgal biomass were found to be highly dependent on technological route, but 
are relatively location invariant. Contrarily, the direct water-footprint for microalgal biomass 
production is highly dependent on cultivation location. The critical parameters in biomass 
production were determined to be natural gas required for biomass drying and MEA scrubbing, 
electricity required for freshwater supply and circulation, and nitrogen fertilizer demands. 
Alterative approaches involving hydrothermal [64] and solvothermal processes [65] and the use 
of supercritical fluids such as methanol or CO2 for lipid extraction from wet algal biomass have 
emerged as promising solutions for eliminating algal drying requirements, and are actively being 
investigated [69–74]. Developments in algal species selection [75], increased control over algal 
composition and growth parameters, and genetic engineering [76,77] may provide a means of 
maximizing algae’s lipid content while concurrently minimizing fertilizer requirements. 
Researchers are investigating other synergies such as the use of wastewater as a source of 
nitrogen and phosphorus for algal growth [78–84]. However, high-level evaluation of these 
industrial symbiotic opportunities is required in order to determine their technical feasibility and 
commercial applicability. Additionally, while regions such as AZ are often touted as favorable 
locations for biofuel production due to their high aerial growth rates, these locations are 
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characteristically found in arid climates with low freshwater availability, and thus may limit their 
commercial viability and merits further investigation.  
Chapter 3 developed a hybrid Ecologically based-LCA (EcoLCA) model to quantify the 
contribution of ecological resources within the algae-to-fuel supply chain and to compare the 
resource intensity of producing microalgal derived renewable diesel (RD) to that of petroleum 
diesel (PD) (RQ #2). This work revealed that algae-to-fuel systems are highly dependent on non-
renewable ecological resources reflected in their low renewability index; have a low quality 
corrected thermodynamic ROI (<1) and thus are not energetically viable; and are more 
ecologically resource intensive as compared to their petroleum equivalent—potentially negating 
their environmental benefits. Thermodynamic analysis based on exergy and emergy were found 
to provide a scientifically rigorous approach for valuing the contribution of ecological goods and 
services in product life cycles, while concurrently addresses several existing problems in 
traditional energy analysis including accounting for the quality, substitutability, and useful work 
provided via material and energy resources. This work highlighted the fallacies of traditional 
energy analysis, and showed that exergy and emergy analysis can provide valuable insights into 
the sustainability and performance of emerging microalgal biofuel systems. Additionally, this 
work has shown that in the best-case scenario microalgal fuel systems are marginally energy 
positive, and more ecologically resource intensive as compared to their petroleum equivalent on 
a functional unit basis. However, technological maturation and optimization of the algae-to-fuel 
production chain as well as coupling microaglal biofuel production with ecological processes 
have the potential for reducing the amount of human made work required for biofuel production 
while concurrently increasing the sustainability of these emerging fuel systems.  
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Chapter 4 presented a life cycle assessment of liquid transportation fuels derived via fast 
pyrolysis of perennial grasses and hydroprocessing of bio-oil (RQ #3). The results of this work 
indicate that single-stage fast pyrolysis and hydroprocessing system have several limitations 
including: high hydrogen consumption, high production of light hydrocarbons, and low liquid 
carbon yield. Analysis reveals that the EROI and GHG emissions for single-stage fast pyrolysis 
systems are highly sensitive to bio-oil yield as well as hydrogen consumption, with exogenous 
fossil hydrogen consumption the primary energy burden and GHG in the supply chain. Further 
analysis reveals that the energetic performance and GHG reduction potential of fast pyrolysis-
derived fuels are dependent on the choice of coproduct scenario for the biochar and LCA 
allocation scheme, and in select cases can change the life cycle carbon balance from meeting to 
exceeding the renewable fuel standard emissions reduction threshold for cellulosic biofuels. 
Alternative reactor configurations, process options, and chemical conversion pathways including 
pre-treatment via torrefaction (mild pyrolysis) [293, 294], catalytic upgrading strategies [7], and 
sequential hydroprocessing [258] stages have the potential to reduce the hydrogen requirements 
for fuel conversion and upgrading while simultaneously increasing the liquid carbon yield, and 
thus increase the environmental sustainability of emerging thermochemical fuel platforms [32, 
273], and should be considered in future environmental sustainability analysis of pyrolysis 
derived biofuels. 
Chapter 5 presented a prospective wheel-to-wheel life cycle assessment of a series of 
novel multistage torrefaction/pyrolysis and in-situ catalytic upgrading fuel platforms for 
converting short rotation woody crops to hydrocarbon biofuels (RQ #4). This work revealed that 
multistage system(s) have several advantages over current industrial practice (base-case) 
including: (1) the product distribution for multistage systems are skewed towards longer carbon 
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chain compounds that are fungible with diesel-range fuels and (2) multistage systems use up to 
~38% less hydrogen as compared to the base-case. Multistage thermal fractionation and selective 
catalytic upgrading systems were found to have promising EROI & GHG emissions profiles, 
with up to 76% reduction in GHG emissions relative to petroleum diesel. Fossil-derived 
hydrogen was found to constitute the principle GHG and primary energy burden across all 
systems. Additionally, multistage torrefaction and pyrolysis systems unique thermal fractionation 
and catalytic upgrading design show merit for the coproduction and valorization of 
platform/specialty chemicals and hydrocarbon biofuels, and thus should be considered in future 
environmental sustainability assessments. 
Chapter 6 discussed key research opportunities and challenges in the design of emerging 
biofuel supply chains, and proposed a novel modular multiscale and multiobjective optimization 
framework for the sustainable design of emerging biofuel supply chains (RQ #5). The proposed 
multiscale and multiobjective framework outlined in this chapter has multiple features that make 
it conceptually attractive; however, the approach faces several challenges: (I) Interdisciplinary 
research requires effective communication, transfer, and synthesis of domain specific knowledge 
and data across research fields. This requires that collaborators become proficient in the 
colloquial terminology commonly used in said research fields, so that domain specific modeling 
results and technical information can be exchanged efficiently and information is not lost at the 
interface of research fields. (II) The long timeframe required for laboratory/field trials as well as 
the development and implementation of modeling tools may limit the effectiveness of this 
approach, as the “state of the art” may have changed or the technical system evolved from its 
prior conception at the start of the analysis. However, this issue can be addressed via several 
means. Streamlined models and methods can help reduce the computation time necessary for 
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model development and implementation. Further, open source databases and the use of “big 
data” may help reduce the time required for data acquisition. Additionally, the modeling 
approach should be iterative; models should be configured to use the most robust, accurate and 
up-to-date data, with modeling tiers providing feedback-loops to inform the strategic design and 
development of biofuel processes and supply chains. (III) Differing models/tools may have 
contrasting assumptions, conflicting theoretical premises, and may report the results using 
disparate metrics. Additionally, the results may be subjective and have high degree of 
uncertainty. For these reasons, results should not be considered deterministic outcomes, but 
probabilistic measures to be used for comparative purposes [180]. While process-scale analysis 
is the most reductionist and is commonly employed in engineering analysis and traditional 
process design, this narrowly focused approach fails to capture broader environmental 
externalities; such shortsightedness could jeopardize the sustainability of emerging biofuel 
systems. The conceptual multiscale and multiobjective optimization framework presented in this 
chapter addresses these limitations by optimizing economic and environmental objectives over 
the field/lab scale, process scale, supply chain, and ecosystems scale. This broad-based 
interdisciplinary approach is critical for guiding the sustainable development of the biofuels 
industry and for mitigating and avoiding any unintended consequences. Further, the results of the 
bibliographic analysis support the need for such a collaborative framework. As such, next 
generation biofuels represent a promising opportunity for the chemical industry and 
sustainability engineers to work hand in hand, and transform the traditional paradigm from “end 
of pipe” solutions to innovative, state of the art, and sustainable design solutions. 
In spite of the ‘perceived’ environmental benefits of biofuels, this body of work suggests 
that emerging biofuel systems offer only limited solutions to the prevailing energy crisis, 
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anthropogenic-derived climate change, and destruction of natural capital associated with fossil 
resources. While biofuels are often touted as an environmental panacea, this work has shown that 
the choice of biofeedstock, conversion platform, and subjective choice of LCA allocation scheme 
can yield divergent results regarding the sustainability of biofuel systems and in select cases can 
result in higher overall environmental and/or ecological impacts relative to baseline petroleum 
fuels. As such, the benefits of emerging biofuels have been shown to be neither comprehensive 
nor are biofuels inherently sustainable in the long-term.  
This dissertation has shown that biofuels have the capacity for GHG abatement relative to 
baseline petroleum fuels; however, in the best-case scenario hydrocarbon biofuels are marginally 
able to achieve the minimum EROI performance threshold (EROI=3) as set by Hall and 
coworkers [178]—which is considerably less than that of current petroleum diesel (~5). This 
indicates that broad advances in biotechnologies are required if biofuels are to be energetically 
competitive with established petroleum fuels. However, it is important to recognize that the 
formation of crude oil occurs over large geologic time-frames, and that the heat, energy, and 
material inputs required for the formation of crude oil is provided by nature, that is, earth’s 
natural biogeochemical processes. Additionally, the petrochemical industry is a highly mature 
field, utilizing petroleum extraction and refining processes and technologies that have undergone 
continual optimization for more than a century. Conversely, the production of biofuel is highly 
energy intensive and requires substantial energy and material inputs from the economy. 
Furthermore, next-generation biomass cultivation, harvesting, and biofuel conversion 
technologies are emerging fields, which in part explains why the return on investment for 
biofuels are lower than that of conventional petroleum fuels. However, the differential in EROI 
between petroleum and hydrocarbon biofuels is expected to decrease over time and ultimately 
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reach an inflection point, as biofuel processing and conversion efficiencies continue to improve, 
while finite hydrocarbon resources become more costly to recover. In the near-term, concurrent 
production of hydrocarbon biofuels and high-value bio-based chemicals via lignocellulosic 
biorefineries show merit for mitigating risk, improving process economics, and reducing 
environmental impacts across the life cycle, and represent a promising route to successful 
commercialization of biofuels and bioproducts.  
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APPENDIX A 
SUPPORTING INFORMATION FOR MICROALGAL BIOMASS PRODUCTION 
PATHWAYS: EVAULATION OF LIFE CYCLE ENVIRONMETAL IMPACTS 
A.1 ELECTRICITY MIX 
Data concerning the regional electricity mix for the examined cultivation locations was gathered 
from the EPA’s “Power Profiler”, based off the 2007 Emissions and Generation Resource 
Integrated Database (eGRID), and is presented in Table 8 [108]. Life cycle impact factors for 
regional electricity generation were constructed based on data available in eGRID database. 
Existing USLCI data for electricity generation was modified for each location based on the 
electricity generation mix (% Coal, Gas, Oil, Nuclear, Hydro, Renewables, etc). Impact factors 
for regional electricity generation were constructed using the Tool for the Reduction and 
Assessment of Chemical and other environmental Impacts (TRACI) and cumulative energy 
demand (CED) methods, and account for transmission distribution losses. 
 
 
 
  166 
Table 8. Electricity Generation Mix 
A.2 SOLAR INSOLATION 
A.2.1 Solar Insolation 
Data concerning solar insolation for the cultivation locations was gathered from the National 
Solar Radiation Database (NSRD). This data set contains the average values of solar insolation 
over a thirty-year period (1961-1990) [105], and is provided Table 9. 
 
 
Resource Mix (%) 
State City Coal Gas Oil Nuclear Hydro Non-Hydro Renewables 
AL Mobile 52.2 22.3 0.3 18.1 4.1 2.9 
AZ Phoenix 38.6 35.7 0.1 16.5 6.1 3.1 
CA San Diego 7.3 53 1.4 14.9 12.7 10.1 
FL Daytona Beach 23.7 54.8 4.4 14 0 1.7 
FL Jacksonville 23.7 54.8 4.4 14 0 1.7 
FL Key West 23.7 54.8 4.4 14 0 1.7 
FL Miami 23.7 54.8 4.4 14 0 1.7 
FL Tallahassee 23.7 54.8 4.4 14 0 1.7 
FL Tampa 23.7 54.8 4.4 14 0 1.7 
FL West Palm Beach 23.7 54.8 4.4 14 0 1.7 
GA Savannah 52.2 22.3 0.3 18.1 4.1 2.9 
LA Baton Rouge 22.7 45.1 1.5 26 1.7 1.9 
LA Lake Charles 22.7 45.1 1.5 26 1.7 1.9 
LA New Orleans 22.7 45.1 1.5 26 1.7 1.9 
TX Austin 33 47.8 1.1 12.3 0.2 5.5 
TX Brownsville 33 47.8 1.1 12.3 0.2 5.5 
TX Corpus Christi 33 47.8 1.1 12.3 0.2 5.5 
TX Houston 33 47.8 1.1 12.3 0.2 5.5 
TX Lufkin 33 47.8 1.1 12.3 0.2 5.5 
TX Port Arthur 22.7 45.1 1.5 26 1.7 1.9 
TX San Antonio 33 47.8 1.1 12.3 0.2 5.5 
TX Victoria 33 47.8 1.1 12.3 0.2 5.5 
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Table 9. Average Solar Insolation (kWh / m2-day) 
A.2.2 Photosynthetically Active Radiation (PAR) 
The fraction of solar energy that can be utilized in photosynthesis relative to the full spectrum 
solar energy is defined as the percent Photosynthetically Active Radiation (% PAR). In this work 
the % PAR is assumed to be a constant (46%), consistent with previous studies [52], and is 
assumed to be the same across all examined cultivation locations. Average monthly PAR values 
(MJ / m2) are developed via multiplying values in Table 9 by the % PAR and are provided in 
Table 10. 
 
 
 
State City March April May June July Aug Sept Oct Average 
AL Mobile 4.4 5.4 5.9 5.9 5.6 5.2 4.7 4.2 5.2 
AZ Phoenix 5.5 7.1 8.0 8.4 7.6 7.1 6.1 4.9 6.8 
CA San Diego 4.9 6.1 6.3 6.5 6.9 6.5 5.4 4.4 5.9 
FL Daytona Beach 5.0 6.2 6.4 6.1 6.0 5.7 4.9 4.2 5.6 
FL Jacksonville 4.7 5.9 6.1 6.0 5.8 5.4 4.6 4.0 5.3 
FL Key West 5.5 6.3 6.3 6.1 6.1 5.8 5.2 4.6 5.7 
FL Miami 5.2 6.0 6.0 5.6 5.8 5.6 4.9 4.4 5.4 
FL Tallahassee 4.7 5.9 6.3 6.1 5.8 5.5 4.9 4.3 5.4 
FL Tampa 5.1 6.2 6.4 6.1 5.8 5.5 4.9 4.4 5.6 
FL West Palm Beach 5.0 5.9 6.0 5.7 5.9 5.6 4.8 4.2 5.4 
GA Savannah 4.7 5.8 6.2 6.3 6.1 5.5 4.7 4.1 5.4 
LA Baton Rouge 4.4 5.4 5.9 6.0 5.7 5.4 4.8 4.3 5.2 
LA Lake Charles 4.5 5.4 6.0 6.3 6.0 5.6 5.0 4.3 5.4 
LA New Orleans 4.5 5.5 6.1 6.1 5.7 5.5 4.9 4.3 5.3 
TX Austin 4.7 5.4 5.9 6.6 6.8 6.3 5.2 4.4 5.7 
TX Brownsville 4.6 5.3 5.8 6.4 6.5 6.0 5.2 4.5 5.5 
TX Corpus Christi 4.4 5.0 5.5 6.1 6.3 5.8 5.0 4.3 5.3 
TX Houston 4.2 5.0 5.6 6.0 5.9 5.6 4.9 4.2 5.2 
TX Lufkin 4.5 5.3 5.9 6.4 6.4 6.0 5.1 4.3 5.5 
TX Port Arthur 4.3 5.2 5.8 6.3 6.1 5.7 5.0 4.3 5.3 
TX San Antonio 4.8 5.5 6.0 6.7 6.9 6.4 5.4 4.5 5.8 
TX Victoria 4.4 5.1 5.7 6.2 6.2 5.8 5.0 4.3 5.3 
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Table 10. Average Monthly PAR (MJ / m2-day) 
A.3 CLIMATOLOGICAL PARAMETERS 
Site specific data for average wind speed (meters/second), average temperature (OC), 
average pressure (kPa), and relative humidity (%) was gathered from the National Solar 
Radiation Database (NSRD) [105], and is presented in Table 11 through Table 14. 
 
 
 
 
 
State City March April May June July Aug Sept Oct Average 
AL Mobile 7.3 8.9 9.8 9.8 9.3 8.6 7.8 7.0 8.5 
AZ Phoenix 9.1 11.8 13.2 13.9 12.6 11.8 10.1 8.1 11.3 
CA San Diego 8.1 10.1 10.4 10.8 11.4 10.8 8.9 7.3 9.7 
FL Daytona Beach 8.3 10.3 10.6 10.1 9.9 9.4 8.1 7.0 9.2 
FL Jacksonville 7.8 9.8 10.1 9.9 9.6 8.9 7.6 6.6 8.8 
FL Key West 9.1 10.4 10.4 10.1 10.1 9.6 8.6 7.6 9.5 
FL Miami 8.6 9.9 9.9 9.3 9.6 9.3 8.1 7.3 9.0 
FL Tallahassee 7.8 9.8 10.4 10.1 9.6 9.1 8.1 7.1 9.0 
FL Tampa 8.4 10.3 10.6 10.1 9.6 9.1 8.1 7.3 9.2 
FL West Palm Beach 8.3 9.8 9.9 9.4 9.8 9.3 7.9 7.0 8.9 
GA Savannah 7.8 9.6 10.3 10.4 10.1 9.1 7.8 6.8 9.0 
LA Baton Rouge 7.3 8.9 9.8 9.9 9.4 8.9 7.9 7.1 8.7 
LA Lake Charles 7.5 8.9 9.9 10.4 9.9 9.3 8.3 7.1 8.9 
LA New Orleans 7.5 9.1 10.1 10.1 9.4 9.1 8.1 7.1 8.8 
TX Austin 7.8 8.9 9.8 10.9 11.3 10.4 8.6 7.3 9.4 
TX Brownsville 7.6 8.8 9.6 10.6 10.8 9.9 8.6 7.5 9.2 
TX Corpus Christi 7.3 8.3 9.1 10.1 10.4 9.6 8.3 7.1 8.8 
TX Houston 7.0 8.3 9.3 9.9 9.8 9.3 8.1 7.0 8.6 
TX Lufkin 7.5 8.8 9.8 10.6 10.6 9.9 8.4 7.1 9.1 
TX Port Arthur 7.1 8.6 9.6 10.4 10.1 9.4 8.3 7.1 8.8 
TX San Antonio 7.9 9.1 9.9 11.1 11.4 10.6 8.9 7.5 9.6 
TX Victoria 7.3 8.4 9.4 10.3 10.3 9.6 8.3 7.1 8.8 
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Table 11. Average Pressure (kPa) 
State City Pressure (mb) Pressure (kPa) 
AL Mobile 1010 101 
AZ Phoenix 974 97.4 
CA San Diego 1014 101.4 
FL Daytona Beach 1017 101.7 
FL Jacksonville 1017 101.7 
FL Key West 1016 101.6 
FL Miami 1017 101.7 
FL Tallahassee 1016 101.6 
FL Tampa 1018 101.8 
FL West Palm Beach 1017 101.7 
GA Savannah 1017 101.7 
LA Baton Rouge 1015 101.5 
LA Lake Charles 1016 101.6 
LA New Orleans 1017 101.7 
TX Austin 994 99.4 
TX Brownsville 1015 101.5 
TX Corpus Christi 1014 101.4 
TX Houston 1014 101.4 
TX Lufkin 1006 100.6 
TX Port Arthur 1017 101.7 
TX San Antonio 988 98.8 
TX Victoria 1012 101.2 
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Table 12. Average Monthly Wind Speed (m/s) 
State City Mar Apr May Jun Jul Aug Sep Oct Average 
AL Mobile 4.7 4.6 3.9 3.4 3 2.9 3.4 3.6 3.7 
AZ Phoenix 3.2 3.4 3.4 3.2 3.4 3.2 3 2.8 3.2 
CA San Diego 3.5 3.7 3.7 3.6 3.5 3.5 3.4 3.1 3.5 
FL Daytona Beach 4.2 4.1 3.8 3.4 3.2 3 3.5 4 3.7 
FL Jacksonville 3.9 3.7 3.4 3.2 3 2.8 3.1 3.4 3.3 
FL Key West 5.5 5.3 4.8 4.5 4.3 4.1 4.3 5.2 4.8 
FL Miami 4.9 4.8 4.4 3.8 3.7 3.7 3.8 4.4 4.2 
FL Tallahassee 3.4 3.2 2.9 2.5 2.3 2.3 2.7 2.9 2.8 
FL Tampa 4.2 4.1 3.9 3.6 3.3 3.1 3.4 3.8 3.7 
FL West Palm Beach 5.1 4.9 4.6 3.9 3.7 3.7 3.9 4.8 4.3 
GA Savannah 4.1 3.9 3.4 3.3 3.2 2.9 3.2 3.3 3.4 
LA Baton Rouge 4.1 3.9 3.4 2.9 2.6 2.4 2.9 2.9 3.1 
LA Lake Charles 4.6 4.5 3.9 3.4 2.9 2.7 3.2 3.4 3.6 
LA New Orleans 4.2 4.1 3.6 3 2.6 2.6 3.1 3.3 3.3 
TX Austin 4.7 4.5 4.2 3.8 3.5 3.4 3.5 3.5 3.9 
TX Brownsville 5.9 6 5.7 5.1 5 4.6 4.2 4.1 5.1 
TX Corpus Christi 6.4 6.4 5.7 5 5.1 5 4.9 4.8 5.4 
TX Houston 4.4 4.4 3.9 3.6 3.2 3 3.3 3.4 3.7 
TX Lufkin 3.6 3.5 3.1 2.6 2.4 2.4 2.6 2.6 2.9 
TX Port Arthur 5 5.1 4.4 3.8 3.2 3.1 3.6 3.8 4.0 
TX San Antonio 4.5 4.4 4.4 4.3 4.2 3.8 3.8 3.8 4.2 
TX Victoria 5.3 5.2 4.9 4.3 4.1 3.8 4 4.1 4.5 
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Table 13. Average Monthly Temperatures (OC) 
State City Mar Apr May Jun Jul Aug Sep Oct Average 
AL Mobile 15.8 19.9 23.6 26.9 27.9 27.7 25.5 20.2 23.4 
AZ Phoenix 16.8 21.1 26.0 31.2 34.2 33.1 29.8 23.6 27.0 
CA San Diego 15.3 16.7 17.8 19.3 21.7 22.6 21.9 19.8 19.4 
FL Daytona Beach 17.9 20.7 23.7 26.3 27.3 27.2 26.3 23.0 24.1 
FL Jacksonville 16.2 19.4 23.0 26.2 27.6 27.3 25.6 21.0 23.3 
FL Key West 23.2 25.0 27.0 28.4 29.1 29.1 28.5 26.7 27.1 
FL Miami 22.1 24.0 25.9 27.4 28.1 28.2 27.7 25.7 26.1 
FL Tallahassee 15.7 19.1 23.1 26.4 27.4 27.4 25.7 20.4 23.2 
FL Tampa 19.1 21.8 25.1 27.2 27.8 27.8 27.2 23.8 25.0 
FL West Palm Beach 21.1 23.0 25.3 27.0 27.9 28.1 27.6 25.4 25.7 
GA Savannah 15.1 18.9 23.1 26.2 27.7 27.2 24.8 19.6 22.8 
LA Baton Rouge 16.3 20.5 24.1 26.9 27.9 27.7 25.6 20.3 23.7 
LA Lake Charles 15.9 20.2 23.8 26.8 27.9 27.7 25.4 20.6 23.5 
LA New Orleans 16.4 20.3 23.8 26.7 27.7 27.5 25.6 20.6 23.6 
TX Austin 16.4 20.9 24.2 27.4 29.2 29.3 26.8 21.7 24.5 
TX Brownsville 20.4 24.1 26.6 28.3 29.2 29.2 27.7 24.3 26.2 
TX Corpus Christi 18.7 22.5 25.5 27.7 28.9 29.0 27.2 23.3 25.4 
TX Houston 15.9 20.2 23.6 26.9 28.1 27.9 25.7 20.9 23.7 
TX Lufkin 15.3 19.7 23.3 26.6 28.2 28.1 25.2 19.8 23.3 
TX Port Arthur 16.3 20.5 24.0 27.1 28.2 28.1 25.9 20.9 23.9 
TX San Antonio 16.5 20.7 24.2 27.9 29.4 29.4 26.3 21.2 24.5 
TX Victoria 17.4 21.4 24.8 27.6 28.9 28.9 26.4 22.1 24.7 
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Table 14. Relative Humidity (%) 
State City Mar Apr May Jun Jul Aug Sep Oct Average 
AL Mobile 71 70 71 73 76 78 75 71 73 
AZ Phoenix 39 28 22 19 32 36 36 37 31 
CA San Diego 67 67 71 74 75 74 73 69 71 
FL Daytona Beach 71 69 72 77 78 80 79 75 75 
FL Jacksonville 71 69 73 77 78 80 81 79 76 
FL Key West 73 70 72 74 72 73 75 75 73 
FL Miami 69 67 72 76 75 76 78 75 74 
FL Tallahassee 72 70 72 76 80 81 78 74 75 
FL Tampa 72 69 70 74 77 78 77 74 74 
FL West Palm Beach 70 67 71 77 77 76 77 74 74 
GA Savannah 67 65 70 74 76 79 78 73 73 
LA Baton Rouge 70 71 72 74 77 78 77 73 74 
LA Lake Charles 76 76 77 78 80 80 79 76 78 
LA New Orleans 73 73 74 76 79 79 78 75 76 
TX Austin 64 66 71 69 65 64 68 68 67 
TX Brownsville 75 75 77 75 73 74 76 75 75 
TX Corpus Christi 74 77 79 78 75 75 76 75 76 
TX Houston 73 74 75 75 75 75 76 74 75 
TX Lufkin 70 72 75 75 74 73 75 73 73 
TX Port Arthur 76 77 79 79 81 80 79 77 79 
TX San Antonio 63 66 71 69 65 65 68 67 67 
TX Victoria 72 74 76 76 74 74 76 74 75 
A.4 EVAPORATION 
Evaporative loss was constructed based on the Penman Equation [118], provided in equation 8: 
 
𝐸𝐸𝑃𝑃𝐻𝐻𝑓𝑓𝑓𝑓 = 𝑃𝑃∗𝑅𝑅𝑛𝑛+𝛾𝛾∗6.43∗(1+0.563∗𝑈𝑈𝑚𝑚)∗𝛿𝛿𝐿𝐿𝜆𝜆𝑣𝑣∗(𝑃𝑃+𝛾𝛾)      (8) 
Emass  Evaporation rate (mm day-1) 
m  Slope of the saturation vapor pressure curve (kPa K-1) 
Rn  Net Solar radiation (MJ m-2 day-1)  
γ  psychometric constant (kPa K-1) 
Um  Wind speed (m s-1) 
δe  Vapor pressure deficit (kPa) 
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λv  Latent heat of vaporization (MJ kg-1) 
 
Net solar radiation Rn in units of (MJ/m2-day) is computed using equation 9 [76] provided 
below. 
  
𝐸𝐸𝐻𝐻 = �𝐸𝐸𝐻𝐻𝑛𝑛𝐻𝐻 ∗ � 63100� − 40� ∗ ( 241000)     (9) 
 
 
The latent heat of vaporization (MJ*kg-1) is given by equation 10, where Tavgc is the 
average temperature in Celsius [118]. 
 
𝜆𝜆𝑛𝑛 = (2.501 − 0.002361 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐹𝐹)     (10) 
 
The slopes of the saturation vapor pressure curve in units of (kPa K-1) are computed via 
equation 11, where Tavgk is the average temperature in Kelvin.  
 
𝒎𝒎 = 𝟕𝟕𝟕𝟕𝟕𝟕.𝟓𝟓
𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝒌𝒌
𝟐𝟐 ∗ 𝐞𝐞𝐞𝐞𝐞𝐞 (𝟐𝟐𝟕𝟕.𝟎𝟎𝟕𝟕 − 𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝒌𝒌)     (11) 
 
The psychometric constant in units of (kPa K-1) is computed via equation 12 [118], 
where: PavgkPa is the mean pressure for the given location in units of kPa. 
 
𝛾𝛾 = .0016286∗𝑃𝑃𝐻𝐻𝑛𝑛𝐻𝐻𝑘𝑘𝑘𝑘𝑘𝑘
𝜆𝜆𝑣𝑣
      (12) 
 
The vapor pressure deficit in units of (kPa), denoted 𝛿𝛿𝛿𝛿, is provided in equation 13, 
where es is the saturated vapor pressure of air (kPa), ea is the vapor pressure of free flowing air 
(kPa), relative humidity (%). 
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   𝜹𝜹𝜹𝜹 = (𝜹𝜹𝒔𝒔 − 𝜹𝜹𝑻𝑻) = (𝟕𝟕 − 𝒓𝒓𝜹𝜹𝒓𝒓𝑻𝑻𝒓𝒓𝒓𝒓𝑻𝑻𝜹𝜹 𝒉𝒉𝒉𝒉𝒎𝒎𝒓𝒓𝒉𝒉𝒓𝒓𝒓𝒓𝒉𝒉) ∗ 𝜹𝜹𝒔𝒔   (13) 
 
The saturation vapor pressure of air in units of (kPa), denoted es, is approximated using 
equation 14 [367].   𝛿𝛿𝑓𝑓 = 17.5 ∗ exp (21.07 − 5336𝑇𝑇𝐻𝐻𝑛𝑛𝐻𝐻𝑘𝑘)     (14) 
 
Monthly average evaporative losses in units of (mm / day) are presented in Table 15. 
 
Table 15. Monthly Average Evaporative Losses (mm / day) 
State City Mar Apr May Jun Jul Aug Sep Oct Average 
AL Mobile 3.5 4.5 4.9 4.9 4.4 4.0 3.8 3.4 4.2 
AZ Phoenix 5.4 7.7 9.5 10.6 9.7 8.7 7.4 5.6 8.1 
CA San Diego 3.6 4.5 4.5 4.6 5.0 4.9 4.1 3.5 4.3 
FL Daytona Beach 3.9 5.0 5.2 4.7 4.6 4.2 3.8 3.5 4.4 
FL Jacksonville 3.5 4.6 4.7 4.6 4.4 3.9 3.3 2.8 4.0 
FL Key West 5.0 5.9 5.7 5.5 5.6 5.2 4.7 4.4 5.2 
FL Miami 4.8 5.6 5.3 4.6 4.9 4.7 4.0 3.9 4.7 
FL Tallahassee 3.3 4.3 4.7 4.5 4.1 3.8 3.6 3.1 3.9 
FL Tampa 4.0 5.1 5.5 5.0 4.6 4.2 3.9 3.7 4.5 
FL West Palm Beach 4.6 5.5 5.4 4.6 4.8 4.7 4.0 4.0 4.7 
GA Savannah 3.7 4.8 5.0 5.0 4.8 4.1 3.5 3.1 4.2 
LA Baton Rouge 3.4 4.3 4.7 4.7 4.3 4.0 3.6 3.2 4.0 
LA Lake Charles 3.2 4.1 4.6 4.8 4.4 4.1 3.7 3.2 4.0 
LA New Orleans 3.4 4.3 4.8 4.7 4.2 4.0 3.7 3.2 4.0 
TX Austin 4.2 4.9 5.1 5.8 6.3 6.0 4.7 3.8 5.1 
TX Brownsville 4.1 4.9 5.2 5.8 6.1 5.5 4.5 3.8 5.0 
TX Corpus Christi 4.0 4.5 4.7 5.2 5.8 5.4 4.5 3.8 4.7 
TX Houston 3.2 4.0 4.4 4.9 4.8 4.5 3.9 3.2 4.1 
TX Lufkin 3.3 4.0 4.4 4.8 4.9 4.7 3.8 3.0 4.1 
TX Port Arthur 3.2 4.1 4.5 4.9 4.5 4.3 3.8 3.2 4.1 
TX San Antonio 4.2 4.9 5.2 6.1 6.7 6.2 4.9 4.0 5.3 
TX Victoria 3.7 4.4 4.8 5.2 5.4 5.0 4.2 3.6 4.6 
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A.5 PRECIPITATION 
Data concerning average rainfall for the various locations was taken from the National Oceanic 
and Atmospheric Administration (NOAA) [119], average rainfall (mm/day) for the examined 
cultivation locations is presented in Table 16. 
 
 
Table 16. Average Monthly Rainfall (mm / day) 
State City Mar Apr May Jun Jul Aug Sep Oct Average 
AL Mobile 5.9 4.1 5.0 4.1 5.4 5.1 4.9 2.7 4.6 
AZ Phoenix 0.9 0.2 0.1 0.1 0.8 0.8 0.6 0.6 0.5 
CA San Diego 1.9 0.6 0.2 0.1 0.0 0.1 0.2 0.4 0.4 
FL Daytona Beach 3.1 2.1 2.7 4.7 4.2 5.0 5.4 3.7 3.9 
FL Jacksonville 3.2 2.6 2.9 4.4 4.9 5.6 6.5 3.2 4.2 
FL Key West 1.5 1.7 2.9 3.7 2.7 4.4 4.5 3.6 3.1 
FL Miami 2.1 2.8 4.5 7.0 4.7 7.1 6.9 5.1 5.0 
FL Tallahassee 5.3 2.9 4.1 5.7 6.6 5.8 4.1 2.7 4.6 
FL Tampa 2.3 1.5 2.3 4.5 5.3 6.2 5.4 1.9 3.7 
FL West Palm Beach 3.0 2.9 4.4 6.2 4.9 5.4 6.6 4.5 4.8 
GA Savannah 3.0 2.7 3.0 4.5 4.9 5.9 4.2 2.6 3.8 
LA Baton Rouge 4.2 4.6 4.4 4.4 4.9 4.8 4.0 3.1 4.3 
LA Lake Charles 2.9 3.0 5.0 5.0 4.2 4.0 4.9 3.2 4.0 
LA New Orleans 4.3 4.1 3.8 5.6 5.1 5.0 4.5 2.5 4.4 
TX Austin 1.8 2.1 4.1 3.1 1.6 1.9 2.4 3.3 2.5 
TX Brownsville 0.8 1.6 2.0 2.4 1.5 2.4 4.4 3.1 2.3 
TX Corpus Christi 1.4 1.7 2.9 2.9 1.6 2.9 4.1 3.2 2.6 
TX Houston 2.8 2.9 4.2 4.4 2.6 3.1 3.5 3.7 3.4 
TX Lufkin 3.0 3.2 4.0 3.1 2.6 2.5 2.8 2.7 3.0 
TX Port Arthur 3.1 3.1 4.8 5.4 4.3 4.0 5.0 3.8 4.2 
TX San Antonio 1.5 2.1 3.9 3.5 1.7 2.1 2.5 3.2 2.6 
TX Victoria 1.8 2.4 4.2 4.1 2.4 2.5 4.1 3.5 3.1 
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A.6 NET WATER ACCUMULATION 
The net water accumulation (mm/day) was calculated as the difference between the average 
rainfall (mm/day) and evaporative losses (mm/day). Negative values signify a net loss of water, 
indicating that additional water must be pumped into the ORPs. The values for net water 
accumulation for the examined cultivation locations are provided in Table 17.   
Table 17. Net Water Accumulation (mm / day) 
State City Mar Apr May Jun Jul Aug Sep Oct Average 
AL Mobile 2.4 -0.2 0.1 -0.6 0.9 1.1 1.3 -0.7 0.5 
AZ Phoenix -4.5 -7.5 -9.4 -10.5 -8.9 -8.0 -6.8 -5.0 -7.6 
CA San Diego -1.8 -3.9 -4.4 -4.5 -5.0 -4.8 -4.0 -3.1 -3.9 
FL Daytona Beach -0.8 -2.9 -2.5 0.1 -0.4 0.8 1.8 0.2 -0.4 
FL Jacksonville -0.3 -1.9 -1.8 0.0 0.5 1.7 3.4 0.3 0.2 
FL Key West -3.5 -4.2 -2.9 -1.6 -2.9 -0.8 -0.1 -0.8 -2.1 
FL Miami -2.7 -2.8 -0.8 2.6 -0.1 2.4 3.1 1.1 0.4 
FL Tallahassee 2.0 -1.3 -0.7 1.4 2.5 1.9 0.7 -0.4 0.8 
FL Tampa -1.7 -3.6 -3.1 -0.4 0.7 2.0 1.6 -1.8 -0.8 
FL West Palm Beach -1.5 -2.5 -1.0 1.8 0.1 0.8 2.8 0.5 0.1 
GA Savannah -0.7 -2.0 -2.0 -0.4 0.1 1.8 0.8 -0.5 -0.4 
LA Baton Rouge 0.7 0.4 -0.3 -0.2 0.6 0.8 0.5 0.0 0.3 
LA Lake Charles -0.3 -1.0 0.4 0.3 -0.2 -0.1 1.3 0.1 0.1 
LA New Orleans 0.9 0.0 -1.0 1.1 0.9 1.0 1.0 -0.7 0.4 
TX Austin -2.4 -2.7 -0.9 -2.6 -4.7 -4.1 -2.3 -0.5 -2.5 
TX Brownsville -3.3 -3.2 -3.2 -3.3 -4.6 -3.0 0.0 -0.7 -2.7 
TX Corpus Christi -2.6 -2.7 -1.9 -2.2 -4.1 -2.5 -0.3 -0.6 -2.1 
TX Houston -0.4 -0.9 -0.2 -0.4 -2.2 -1.3 -0.2 0.5 -0.6 
TX Lufkin -0.2 -0.7 -0.4 -1.6 -2.3 -2.2 -0.9 -0.3 -1.1 
TX Port Arthur -0.2 -0.8 0.3 0.7 -0.2 -0.3 1.3 0.6 0.2 
TX San Antonio -2.7 -2.7 -1.3 -2.5 -5.0 -4.0 -2.4 -0.8 -2.7 
TX Victoria -1.9 -1.9 -0.6 -1.0 -3.0 -2.5 0.0 -0.1 -1.4 
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A.7 MICROALGAL BIOMASS COMPOSITION 
The composition and net calorific value of the microalgal biomass fractions (Proteins, 
Carbohydrates, Lipids) were taken from Lardon et al. 2009 [94], and are presented in Table 18.   
Table 18. Fractioned Microalgal Biomass Composition 
Fraction Composition Molar Mass  (g*mole-1) 
Net Calorific Value  
(MJ/g- biomass) 
Protein C4.43H7O1.44N1.16 100.1 15.5*10-3 
Carbohydrate C6H12O6 180 13*10-3 
Lipid C40H74O5 634 38.3*10-3 
 
 
The algae composition was assumed to be 50% proteins, 25% carbohydrates, 20% lipids, 
and 5% other organic material, which correlates with previous studies [51, 107]. It was assumed 
that the values of P, K, Mg, and S vary linearly with the protein content. A proportionality 
constant was constructed based on a reference composition of Chlorella vulgaris, obtained from 
Lardon et al. 2009 [94]. The algae compositional parameters are provided in Table 19.  
 
 
Table 19. Gross Microalgal Biomass Composition 
 
Parameters Reference Composition (g/kg-biomass) 
Composition assumed in this study 
(g/kg-biomass) 
Protein 282 500 
Carbohydrate 495 250 
Lipid 175 200 
C 480 517 
N 46 81.2 
P 9.9 17.6 
K 8.2 14.5 
Mg 3.8 6.7 
S 2.2 3.9 
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The Lower heating value (LHV) of the algae (MJ/kg-biomass) calculated as the sum of 
the individual biomass fractions (g/kg biomass) multiplied by their respective energetic content 
(MJ/g). The gross biomass Lower Heating Value (LHV) was computed to be 18.66 MJ/kg-
biomass. 
A.8 MICROALGAL GROWTH RATES 
Algae growth rates are calculated based on the amount of PAR energy (MJ / m2) a region 
receives as well as efficiency factors determined by both pond design and characteristics of the 
algae culture.   
A.8.1 Efficiency Factors 
Photosynthetic Efficiency (PE): accounts for the efficiency of converting solar energy into 
chemical energy by the process of photosynthesis, see equation 15. The photosynthetic efficiency 
is determined by the quantum requirement, average photon energy, and carbohydrate energy 
content, see equation 16. Values for quantum requirement, average photon energy, and 
carbohydrate energy content were taken from Weyer et al. 2010 [52].  
 
𝐶𝐶𝐸𝐸2 + 𝐻𝐻2𝐸𝐸 + 8 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 → 𝐶𝐶𝐻𝐻2𝐸𝐸 + 𝐸𝐸2   (15) 
 
Quantum Requirement (Mole Photons / Mole CH2O): represents the number of photons 
needed to produce a photosynthetic reaction, this value was assumed to be 8 moles of photons 
per mole of CH2O. [52] Average Photon Energy (MJ / Mole Photons): corresponds to the 
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average photonic energy of solar radiation, this value was assumed to be 225.3 x 10-3 MJ per 
mole of photons. [52] Carbohydrate Energy Content (MJ / Mole CH2O): represents the energetic 
content of CH2O formed in photosynthesis, this value was taken to be 482.5 x 10-3 MJ per mole 
of CH2O. [52] 
 
𝑃𝑃𝐸𝐸 (%) = � 𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑜𝑜ℎ𝑦𝑦𝑦𝑦𝐶𝐶𝑇𝑇𝑜𝑜𝛿𝛿 𝐸𝐸𝑜𝑜𝛿𝛿𝐶𝐶𝑦𝑦 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝛿𝛿𝑜𝑜𝑜𝑜
𝐴𝐴𝑇𝑇𝛿𝛿𝐶𝐶𝑇𝑇𝑇𝑇𝛿𝛿 𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐸𝐸𝑜𝑜𝛿𝛿𝐶𝐶𝑇𝑇𝑦𝑦 𝐸𝐸 𝑄𝑄𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜𝑄𝑄𝑄𝑄 𝐸𝐸𝛿𝛿𝑅𝑅𝑄𝑄𝑅𝑅𝐶𝐶𝛿𝛿𝑄𝑄𝛿𝛿𝑜𝑜𝑜𝑜� 𝐸𝐸100   (16) 
 
Values for photosynthetic efficiency, quantum requirement, average photon energy, and 
carbohydrate energy content are presented in Table 20. 
 
Table 20. Photosynthetic Efficiency Terms 
Term Value 
Photosynthetic Efficiency (%) 26.8 
Quantum Requirement  (Moles Photons/Moles CH2O): 8 
Average Photon Energy (MJ/Mole Photons): 225. x 10-3 
Carbohydrate Energy Content (MJ/Mole CH2O): 482.5 x 10-3 
 
Losses due to Reflection accounts for solar radiation reflected off of the pond surface. For 
the months of March through October, and for regions between 20-30 degrees latitude, the 
percent of solar radiation reflected off of the pond surface ranges between 6-8% [368]. This 
corresponds to an average efficiency value of 93%. Losses due to sub-optimal environmental 
conditions accounts for losses in photon absorption due to temperature and environmental 
conditions, this value was taken to be 95% [52]. Photon Utilization Efficiency accounts for losses 
in photon absorption in the algal culture due to high or low light levels. For low light levels, 
photon utilization typically varies between 50-90%, for high light levels 10-30% [106]. For the 
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open pond system, the photon utilization efficiency was taken to be 25%.  Biomass accumulation 
efficiency, energy that is available to the algae culture will be used either in cellular respiration or 
will be stored as biomass. The biomass accumulation efficiency is the ratio of the amount of 
energy stored in the biomass to the total energy available to the algal culture, and thus shows the 
efficiency at which algae convert available energy into biomass, this value was taken to be 72% 
[369].    The values for the efficiency terms are provided in Table 21. Let α denote the product of 
the five efficiency factors, as shown in equation 17 
 
Table 21. Efficiency Terms 
Efficiency Factors Value  (%) 
Photosynthetic efficiency: 26.8 
Losses due to reflection: 93 
Losses due to sub-optimal environmental conditions: 95 
Photon utilization efficiency: 25 
Biomass accumulation efficiency: 72 
 
 
𝛼𝛼 = ∏𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸𝑅𝑅𝛿𝛿𝑜𝑜𝐸𝐸𝑦𝑦 𝐹𝐹𝑇𝑇𝐸𝐸𝑜𝑜𝑜𝑜𝐶𝐶𝑜𝑜 = 4.2%    (17) 
A.8.2 Microalgal Growth Rates 
Microalgal growth rates in units of (g / m2-day) are computed based on the average PAR energy 
(MJ / m2-day), efficiency factors, and biomass lower heating value, see equation 18. 
 
 𝐺𝐺𝐶𝐶𝑜𝑜𝐺𝐺𝑜𝑜ℎ 𝐸𝐸𝑇𝑇𝑜𝑜𝛿𝛿𝑜𝑜 𝐻𝐻𝑛𝑛𝐻𝐻 =  𝑃𝑃𝑃𝑃𝑅𝑅𝑘𝑘𝑣𝑣𝑎𝑎 × 𝛼𝛼𝐿𝐿𝐻𝐻𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑘𝑘𝐵𝐵𝐵𝐵     (18) 
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Monthly average microalgal growth rates for all examined locations are presented in 
Table 22. 
 
Table 22. Monthly Microalgal areal growth rates (g / m2-day) 
State City Mar Apr May Jun Jul Aug Sep Oct Average 
AL Mobile 16.6 20.4 22.3 22.3 21.2 19.6 17.8 15.9 19.5 
AZ Phoenix 20.8 26.8 30.2 31.7 28.7 26.8 23.0 18.5 25.8 
CA San Diego 18.5 23.0 23.8 24.6 26.1 24.6 20.4 16.6 22.2 
FL Daytona Beach 18.9 23.4 24.2 23.0 22.7 21.5 18.5 15.9 21.0 
FL Jacksonville 17.8 22.3 23.0 22.7 21.9 20.4 17.4 15.1 20.1 
FL Key West 20.8 23.8 23.8 23.0 23.0 21.9 19.6 17.4 21.7 
FL Miami 19.6 22.7 22.7 21.2 21.9 21.2 18.5 16.6 20.5 
FL Tallahassee 17.8 22.3 23.8 23.0 21.9 20.8 18.5 16.2 20.5 
FL Tampa 19.3 23.4 24.2 23.0 21.9 20.8 18.5 16.6 21.0 
FL West Palm Beach 18.9 22.3 22.7 21.5 22.3 21.2 18.1 15.9 20.4 
GA Savannah 17.8 21.9 23.4 23.8 23.0 20.8 17.8 15.5 20.5 
LA Baton Rouge 16.6 20.4 22.3 22.7 21.5 20.4 18.1 16.2 19.8 
LA Lake Charles 17.0 20.4 22.7 23.8 22.7 21.2 18.9 16.2 20.4 
LA New Orleans 17.0 20.8 23.0 23.0 21.5 20.8 18.5 16.2 20.1 
TX Austin 17.8 20.4 22.3 24.9 25.7 23.8 19.6 16.6 21.4 
TX Brownsville 17.4 20.0 21.9 24.2 24.6 22.7 19.6 17.0 20.9 
TX Corpus Christi 16.6 18.9 20.8 23.0 23.8 21.9 18.9 16.2 20.0 
TX Houston 15.9 18.9 21.2 22.7 22.3 21.2 18.5 15.9 19.6 
TX Lufkin 17.0 20.0 22.3 24.2 24.2 22.7 19.3 16.2 20.7 
TX Port Arthur 16.2 19.6 21.9 23.8 23.0 21.5 18.9 16.2 20.2 
TX San Antonio 18.1 20.8 22.7 25.3 26.1 24.2 20.4 17.0 21.8 
TX Victoria 16.6 19.3 21.5 23.4 23.4 21.9 18.9 16.2 20.2 
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A.9 CULTIVATION OF MICROALGAL BIOMASS 
A.9.1 CO2 Procurement 
CO2 from a nearby natural gas fired power plant is supplied to the ponds in two ways:  i) Flue 
gas is transported via lower pressure blowers and delivered to the algae ponds, evaluated at 22.2 
x 10-3 kilowatt hours (kWh) per kg CO2 [109]. While microalgae’s potential to utilize flue gas as 
a source of CO2 has been extensively cited in the literature [121, 122], it remains uncertain if the 
presence of flue gas will have detrimental effects upon the algae culture [123, 124].  More so, 
there is potential concern that industrial flue gases may contain heavy metals, which may 
decrease the quality of algal derived fuels. In this study, it is assumed that the Direct Injection 
(DI) of flue gas has no negative impacts upon the algae culture. While the utilization of industrial 
flue gas has the potential to decrease the high energetic cost associated with CO2, the feasibility 
of direct injection of flue gas on an industrial scale remains questionable. (ii) Flue gas is 
separated into pure CO2 via Monoethanolamine (MEA) scrubbing; this pure CO2 is then 
delivered to the ponds via low-pressure blowers. Kadam et al. 2002 estimated that 1 kg of CO2 
from MEA extraction would require approximately 2.01 kg of steam and 32.65 x 10-3 kWh of 
electricity [109]. The energy required to transform water to steam was based on the enthalpy of 
steam, evaluated at 2.6 MJ/kg-steam.  It was assumed that natural gas would be burned to 
generate steam; the energetic content of natural gas was taken to be 39 MJ/m3-natural gas with a 
boiler efficiency of 80% [79]. While MEA scrubbing is the more energy intensive of the two 
options, it insures that the algal culture does not experience the possible negative effects as 
associated with the direct injection of flue gas.  It this study, it was assumed that the microalgae 
culture captures only 70% of the injected CO2 [83].  
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A.9.2 Paddlewheels 
During cultivation, the algal growth medium is circulated by paddlewheels, consistent with 
current reactor configurations [76, 77, 100]. While other medium circulation configurations have 
been proposed, paddlewheels are a proven technology, and appear to be the most effective 
method of circulating the algal growth medium. For a mixing velocity of 15 cm/second and a 
pond depth of 0.3 m, the energetic cost of the paddlewheels was evaluated at 18 kWh/ha-day 
[100]. Existing studies have produced a wide range of values for paddlewheel energetic 
consumption [76, 77, 79, 83], due to variations in pond depth, mixing velocity, and process 
assumptions. Deviations in paddlewheel energetic consumption were included as a parameter in 
the sensitivity analysis.  
A.9.3 PVC Liner 
A 0.75 mm thick PVC membrane was assumed to line the ORPs with an average lifetime of 5 
years [83]. The mass of PVC required to line the ORPs was calculated as the product of the 
surface area, thickness of the PVC membrane, and density of the PVC liner. The required surface 
area of the PVC liner was assumed to be 120% times the surface area of the cultivation ponds 
(500 ha) [80]. The density of the PVC membrane was taken to be 950 kg/m3. The impacts of the 
PVC liner were normalized over the total amount of biomass produced over the lifetime of the 
PVC liner. 
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A.9.4 Freshwater Sourcing 
The energy required to source freshwater to the ORPs was evaluated based off of conventional 
crop irrigation. It was assumed that electric pumps would bring surface and groundwater to the 
ORPs. The amount of energy required to source ground and surface water was based off of the 
2008 Farm and ranch Irrigation survey [370], and the cost of electricity was assumed to be $0.10 
kWh [80] 
A.10 HARVESTING OF MICROALGAL BIOMASS 
A.10.1 Flocculation 
Algae are pumped into post-cultivation holding tanks in which a coagulant, aluminum sulfate, is 
injected at a rate of 100 g/m3 [169].  Aluminum sulfate was chosen for this study because it has 
been shown to be an effective coagulant for Chlorella algae [371].  Flocculation was assumed to 
concentrate the algal culture to a concentration of 2% (w/w). It was assumed that 90% of the 
medium from flocculation is recycled back to the cultivation ponds. 
A.10.2 Pumping Energy Consumption 
Pumping power requirements (kWh/day) were constructed based on pipe flowrate (l/s), pipe 
diameter (m), pipe length (m), pipeline roughness (m), fluid velocity (m/s), pipe head-loss (m), 
Reynolds number (unit-less), and pump and motor efficiency (%).  The power requirement for 
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pond pumping (J/s) is dependent on: g the gravitational acceleration (m/s2), total lift (m), flow 
rate (m3/s), density of fluid (kg/m3), and motor efficiency (%) and is presented in equation 19.  
 
𝑃𝑃𝑜𝑜𝐺𝐺𝛿𝛿𝐶𝐶𝑐𝑐𝑉𝑉𝑃𝑃𝑐𝑐 = 𝐻𝐻∗(𝑇𝑇𝑓𝑓𝐻𝐻𝐻𝐻𝑓𝑓 𝐿𝐿𝑓𝑓𝑓𝑓𝐻𝐻)∗(𝐹𝐹𝑓𝑓𝑓𝑓𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻𝐿𝐿)∗(𝐹𝐹𝐿𝐿𝐻𝐻𝑓𝑓𝑓𝑓𝐻𝐻𝑃𝑃 𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑉𝑉𝑓𝑓𝐹𝐹)𝑀𝑀𝑓𝑓𝐻𝐻𝑓𝑓𝐿𝐿 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝐹𝐹𝑓𝑓𝐿𝐿𝐻𝐻𝐹𝐹𝑃𝑃      (19) 
 
The Total Lift (m) is calculated as the sum of the Static Lift (m) and Pipe Head loss (m).  
Pipe head loss was based on the Darcy–Weisbach equation and is presented in equation 20. 
 
 𝑓𝑓∗𝐿𝐿∗𝑉𝑉
2
2∗𝐻𝐻∗𝐷𝐷
= ℎ𝑓𝑓     (20) 
Where hf is head loss due to friction (m), L is the length of the pipe (m), V is the mean 
velocity of the flow (m/s), g is the acceleration due to gravity (m/s2), D is the pipe diameter (m), 
and f is the Darcy-Weisbach friction factor. The Swamee–Jain equation is used to solve for the 
Darcy-Weisbach friction factor f, and is presented in equation 21 [372].  
 
𝐸𝐸 = 0.25[𝐿𝐿𝑓𝑓𝐻𝐻10( 𝜀𝜀3.7∗𝐷𝐷+ 5.74𝑅𝑅𝑅𝑅0.9)]2      (21) 
 
Where ε is the pipeline roughness (m), Re is the Reynolds number for fluid flow in a pipe 
(unitless), and D is the diameter of the pipe (m).The Reynolds number (Re) for fluid flow in a 
pipe is defined in equation 22, wherein Q is the volumetric flowrate (m3/s), DH is the hydraulic 
diameter of the pipe (m), A is the pipe cross sectional area (m2), and ν is the kinematic viscosity 
(m2/s).  
𝐸𝐸𝛿𝛿 = 𝑄𝑄∗𝐷𝐷𝐻𝐻
𝑃𝑃∗ν
      (22) 
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The mean velocity of the flow (m/s) is expressed in equation 23, where A is the pipe 
cross sectional area (m2), and Q is the volumetric flow rate (m3/s).   
 
V= 𝑄𝑄
𝑃𝑃
      (23) 
A.10.3 Centrifugation 
After flocculation, algae are pumped to an industrial Centrifuge (CF) for dewatering.  Decanter 
centrifuges were chosen as a means to concentrate the algae culture, as they are both a proven 
and reliable technology, and have the ability to significantly increase the concentration (% w/w) 
of the culture as compared to other centrifuge types. For centrifugation, the electrical 
consumption was evaluated at 8 kWh/m3 consistent with centrifuges of this type [110]. 
Centrifugation was assumed to increase the algal concentration to 22% (w/w) [110]. In addition, 
it was assumed that 5% of the input culture would be lost during centrifugation, and that 90% of 
process medium would be recycled back into the ponds. 
A.10.4 Chamber Filter Press 
For Chamber Filter Presses (CFP), the electrical consumption per unit throughput was evaluated 
at 0.88 kWh/m3 [110]. It was assumed that the chamber filter press would increase the algal 
concentration to 25% (w/w) [110]. It was assumed that 5% of the input culture would be lost 
during dewatering, and that 90% of the process medium would be recycled back into the ponds. 
The energetic and environmental costs associated with replacing the filter press membranes were 
not considered in this study.  
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A.10.5 Algal Drying 
After dewatering, algae must undergo additional drying to achieve a final concentration of 90% 
(w/w). Two production scenarios were examined for drying: (i) natural gas based drying and (ii) 
waste heat drying. In scenario (i) algae from the dewatering stage are sent to an industrial boiler 
in which natural gas is burned to dry the biomass. The amount of heat energy needed to dry the 
algae was based on the amount of water extracted from the system, latent heat of evaporation of 
water, and boiler efficiency. The boiler efficiency was assumed to be 75%, and it was assumed 
that 5% of the input algal biomass would be lost in the process. The energy (kJ) required for 
Natural Gas based Drying (NGD) is dependent on: m the mass of water needed to be extracted 
from the system (kg), Cw the latent heat of evaporation of water (kJ/kg), Cv the specific heat of 
water (kJ/kg-C), ΔT the change in temperature of the water (C), and boiler efficiency εNG (%), 
expressed in equation 24.  
 
𝑬𝑬𝑬𝑬𝜹𝜹𝒓𝒓𝑻𝑻𝒉𝒉𝒉𝒉𝜹𝜹𝑻𝑻𝒓𝒓 = 𝒎𝒎 ∗ (𝑪𝑪𝑪𝑪 + 𝑪𝑪𝑻𝑻 ∗ 𝜟𝜟𝑻𝑻)     (24) 
 
(ii): Studies have suggested that it may be possible to recover waste heat contained in the  
exhaust gases from power plants, and therefore utilize these exhaust streams to offset a portion of 
the energy required to dry the algal biomass [75]. Prior studies have estimated that a 500 MW 
power plant could generate up to 4.4 x109 MJ of  “waste” heat energy per year [75], which 
greatly exceeds the heat energy required to dry the biomass. For Waste Heat Dying (WHD) 
scenarios it was assumed that all of the heat energy required to dry the biomass could be met 
using waste heat from a co-located power plant.      
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A.11 LIFE CYCLE INVENTORY 
The Life Cycle Inventory [LCI], normalized to 1 kg of biomass, for all production pathways are 
provided in the subsequent tables. To avoid redundancy, the LCI of the following cultivation 
locations are provided: Mobile AL; Phoenix, AZ; San Diego, CA; Tallahassee, FL; Savannah, 
GA; Baton Rouge, LA; Brownsville, TX. In the following life cycle inventory tables these 
specific cultibation locations are referred to by state only. 
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Table 23. LCI normalized per kg of biomass for MEA/CF/NGD pathways 
State Freshwater (m3) 
Wastewater 
Treatment (m3) 
CO2 Injected 
(kg) 
PVC 
(kg) 
Paddlewheels 
(MJ) 
Urea 
(kg) 
SSP 
(kg) 
KCL 
(kg) 
Flocculation 
(kg) 
MEA 
(MJ) 
MEA 
(m3 NG) 
Pumping 
(MJ) 
CF 
(MJ) 
NGD 
(m3 NG) 
AL 0.42 0.36 3.00 0.03 0.37 0.26 0.10 0.04 0.25 0.35 0.50 1.34 1.56 0.38 
AZ 0.72 0.33 3.00 0.02 0.28 0.26 0.10 0.04 0.25 0.35 0.50 2.42 1.56 0.38 
CA 0.62 0.34 3.00 0.03 0.32 0.26 0.10 0.04 0.25 0.35 0.50 1.85 1.56 0.38 
FL 0.39 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.35 0.50 1.61 1.56 0.38 
GA 0.45 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.35 0.50 1.46 1.56 0.38 
LA 0.43 0.36 3.00 0.03 0.36 0.26 0.10 0.04 0.25 0.35 0.50 1.77 1.56 0.38 
TX 0.58 0.35 3.00 0.03 0.34 0.26 0.10 0.04 0.25 0.35 0.50 1.38 1.56 0.38 
 
Table 24. LCI normalized per kg of biomass for MEA/CF/WHD pathways 
State Freshwater (m3) 
Wastewater 
Treatment (m3) 
CO2 Injected 
(kg) 
PVC 
(kg) 
Paddlewheels 
(MJ) 
Urea 
(kg) 
SSP 
(kg) 
KCL 
(kg) 
Flocculation 
(kg) 
MEA 
(MJ) 
MEA 
(m3 NG) 
Pumping 
(MJ) 
CF 
(MJ) 
WHD 
(m3 NG) 
AL 0.42 0.36 3.00 0.03 0.37 0.26 0.10 0.04 0.25 0.35 0.50 1.34 1.56 0 
AZ 0.72 0.33 3.00 0.02 0.28 0.26 0.10 0.04 0.25 0.35 0.50 2.42 1.56 0 
CA 0.62 0.34 3.00 0.03 0.32 0.26 0.10 0.04 0.25 0.35 0.50 1.85 1.56 0 
FL 0.39 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.35 0.50 1.61 1.56 0 
GA 0.45 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.35 0.50 1.46 1.56 0 
LA 0.43 0.36 3.00 0.03 0.36 0.26 0.10 0.04 0.25 0.35 0.50 1.77 1.56 0 
TX 0.58 0.35 3.00 0.03 0.34 0.26 0.10 0.04 0.25 0.35 0.50 1.38 1.56 0 
 
Table 25. LCI normalized per kg of biomass for DI/CF/NGD pathways 
State Freshwater (m3) 
Wastewater 
Treatment (m3) 
CO2 Injected 
(kg) 
PVC 
(kg) 
Paddlewheels 
(MJ) 
Urea 
(kg) 
SSP 
(kg) 
KCL 
(kg) 
Flocculation 
(kg) 
DI 
(MJ) 
Pumping 
(MJ) 
CF 
(MJ) 
NGD 
(m3 NG) 
AL 0.42 0.36 3.00 0.03 0.37 0.26 0.10 0.04 0.25 0.24 1.34 1.56 0.38 
AZ 0.72 0.33 3.00 0.02 0.28 0.26 0.10 0.04 0.25 0.24 2.42 1.56 0.38 
CA 0.62 0.34 3.00 0.03 0.32 0.26 0.10 0.04 0.25 0.24 1.85 1.56 0.38 
FL 0.39 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.24 1.61 1.56 0.38 
GA 0.45 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.24 1.46 1.56 0.38 
LA 0.43 0.36 3.00 0.03 0.36 0.26 0.10 0.04 0.25 0.24 1.77 1.56 0.38 
TX 0.58 0.35 3.00 0.03 0.34 0.26 0.10 0.04 0.25 0.24 1.38 1.56 0.38 
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Table 26. LCI normalized per kg of biomass for DI/CF/WHD pathways 
State Freshwater (m3) 
Wastewater 
Treatment (m3) 
CO2 Injected 
(kg) 
PVC 
(kg) 
Paddlewheels 
(MJ) 
Urea 
(kg) 
SSP 
(kg) 
KCL 
(kg) 
Flocculation 
(kg) 
DI 
(MJ) 
Pumping 
(MJ) 
CF 
(MJ) 
WHD 
(m3 NG) 
AL 0.42 0.36 3.00 0.03 0.37 0.26 0.10 0.04 0.25 0.24 1.34 1.56 0 
AZ 0.72 0.33 3.00 0.02 0.28 0.26 0.10 0.04 0.25 0.24 2.42 1.56 0 
CA 0.62 0.34 3.00 0.03 0.32 0.26 0.10 0.04 0.25 0.24 1.85 1.56 0 
FL 0.39 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.24 1.61 1.56 0 
GA 0.45 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.24 1.46 1.56 0 
LA 0.43 0.36 3.00 0.03 0.36 0.26 0.10 0.04 0.25 0.24 1.77 1.56 0 
TX 0.58 0.35 3.00 0.03 0.34 0.26 0.10 0.04 0.25 0.24 1.38 1.56 0 
 
Table 27. LCI normalized per kg of biomass for MEA/CFP/NGD pathways 
State Freshwater (m3) 
Wastewater 
Treatment (m3) 
CO2 Injected 
(kg) 
PVC 
(kg) 
Paddlewheels 
(MJ) 
Urea 
(kg) 
SSP 
(kg) 
KCL 
(kg) 
Flocculation 
(kg) 
MEA 
(MJ) 
MEA 
(m3 NG) 
Pumping 
(MJ) 
CF 
(MJ) 
NGD 
(m3 NG) 
AL 0.41 0.36 3.00 0.03 0.37 0.26 0.10 0.04 0.25 0.35 0.50 1.34 0.17 0.32 
AZ 0.72 0.33 3.00 0.02 0.28 0.26 0.10 0.04 0.25 0.35 0.50 2.42 0.17 0.32 
CA 0.61 0.34 3.00 0.03 0.32 0.26 0.10 0.04 0.25 0.35 0.50 1.85 0.17 0.32 
FL 0.39 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.35 0.50 1.61 0.17 0.32 
GA 0.45 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.35 0.50 1.46 0.17 0.32 
LA 0.42 0.36 3.00 0.03 0.36 0.26 0.10 0.04 0.25 0.35 0.50 1.77 0.17 0.32 
TX 0.57 0.35 3.00 0.03 0.34 0.26 0.10 0.04 0.25 0.35 0.50 1.38 0.17 0.32 
 
Table 28. LCI normalized per kg of biomass for MEA/CFP/WHD pathways 
State Freshwater (m3) 
Wastewater 
Treatment (m3) 
CO2 Injected 
(kg) 
PVC 
(kg) 
Paddlewheels 
(MJ) 
Urea 
(kg) 
SSP 
(kg) 
KCL 
(kg) 
Flocculation 
(kg) 
MEA 
(MJ) 
MEA 
(m3 NG) 
Pumping 
(MJ) 
CF 
(MJ) 
WHD 
(m3 NG) 
AL 0.41 0.36 3.00 0.03 0.37 0.26 0.10 0.04 0.25 0.35 0.50 1.34 0.17 0 
AZ 0.72 0.33 3.00 0.02 0.28 0.26 0.10 0.04 0.25 0.35 0.50 2.42 0.17 0 
CA 0.61 0.34 3.00 0.03 0.32 0.26 0.10 0.04 0.25 0.35 0.50 1.85 0.17 0 
FL 0.39 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.35 0.50 1.61 0.17 0 
GA 0.45 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.35 0.50 1.46 0.17 0 
LA 0.42 0.36 3.00 0.03 0.36 0.26 0.10 0.04 0.25 0.35 0.50 1.77 0.17 0 
TX 0.57 0.35 3.00 0.03 0.34 0.26 0.10 0.04 0.25 0.35 0.50 1.38 0.17 0 
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Table 29. LCI normalized per kg of biomass for DI/CFP/NGD pathways 
State Freshwater (m3) 
Wastewater 
Treatment (m3) 
CO2 Injected 
(kg) 
PVC 
(kg) 
Paddlewheels 
(MJ) 
Urea 
(kg) 
SSP 
(kg) 
KCL 
(kg) 
Flocculation 
(kg) 
DI 
(MJ) 
Pumping 
(MJ) 
CF 
(MJ) 
NGD 
(m3 NG) 
AL 0.41 0.36 3.00 0.03 0.37 0.26 0.10 0.04 0.25 0.24 1.34 0.17 0.32 
AZ 0.72 0.33 3.00 0.02 0.28 0.26 0.10 0.04 0.25 0.24 2.42 0.17 0.32 
CA 0.61 0.34 3.00 0.03 0.32 0.26 0.10 0.04 0.25 0.24 1.85 0.17 0.32 
FL 0.39 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.24 1.61 0.17 0.32 
GA 0.45 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.24 1.46 0.17 0.32 
LA 0.42 0.36 3.00 0.03 0.36 0.26 0.10 0.04 0.25 0.24 1.77 0.17 0.32 
TX 0.57 0.35 3.00 0.03 0.34 0.26 0.10 0.04 0.25 0.24 1.38 0.17 0.32 
 
Table 30. LCI normalized per kg of biomass for DI/CFP/WHD pathways 
State Freshwater (m3) 
Wastewater 
Treatment (m3) 
CO2 Injected 
(kg) 
PVC 
(kg) 
Paddlewheels 
(MJ) 
Urea 
(kg) 
SSP 
(kg) 
KCL 
(kg) 
Flocculation 
(kg) 
DI 
(MJ) 
Pumping 
(MJ) 
CF 
(MJ) 
WHD 
(m3 NG) 
AL 0.41 0.36 3.00 0.03 0.37 0.26 0.10 0.04 0.25 0.24 1.34 0.17 0 
AZ 0.72 0.33 3.00 0.02 0.28 0.26 0.10 0.04 0.25 0.24 2.42 0.17 0 
CA 0.61 0.34 3.00 0.03 0.32 0.26 0.10 0.04 0.25 0.24 1.85 0.17 0 
FL 0.39 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.24 1.61 0.17 0 
GA 0.45 0.35 3.00 0.03 0.35 0.26 0.10 0.04 0.25 0.24 1.46 0.17 0 
LA 0.42 0.36 3.00 0.03 0.36 0.26 0.10 0.04 0.25 0.24 1.77 0.17 0 
TX 0.57 0.35 3.00 0.03 0.34 0.26 0.10 0.04 0.25 0.24 1.38 0.17 0 
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A.12 WATER DEMANDS 
The direct WDs for biomass production were calculated as the difference between the amount of 
make-up water required due to evaporation (Wevap), pond cleaning (Wcleaning), pond leaking 
(Wleaking), blowdown (Wblowdown), photosynthesis (Wphotosyn), harvesting (Wharvest), algal 
drying (Wdrying), water stored in the biomass that is transported offsite (Wbiomass), and annual 
precipitation (Wprecip), shown in equation 25.  
    𝐷𝐷𝑅𝑅𝐶𝐶𝛿𝛿𝐸𝐸𝑜𝑜 𝑊𝑊𝐷𝐷 =  𝑊𝑊𝛿𝛿𝑇𝑇𝑇𝑇𝑝𝑝 + 𝑊𝑊𝐸𝐸𝑐𝑐𝛿𝛿𝑇𝑇𝑜𝑜𝑅𝑅𝑜𝑜𝑇𝑇 + 𝑊𝑊𝑐𝑐𝛿𝛿𝑇𝑇𝑙𝑙𝑅𝑅𝑜𝑜𝑇𝑇 +  𝑊𝑊𝐶𝐶𝑐𝑐𝑜𝑜𝐺𝐺𝑦𝑦𝑜𝑜𝐺𝐺𝑜𝑜 + 𝑊𝑊𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑦𝑦𝑜𝑜 + 𝑊𝑊ℎ𝑇𝑇𝐶𝐶𝑇𝑇𝛿𝛿𝑜𝑜𝑜𝑜 + 𝑊𝑊𝑦𝑦𝐶𝐶𝑦𝑦𝑅𝑅𝑜𝑜𝑇𝑇 + 𝑊𝑊𝐶𝐶𝑅𝑅𝑜𝑜𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜 − 𝑊𝑊𝑝𝑝𝐶𝐶𝛿𝛿𝐸𝐸𝑅𝑅𝑝𝑝   (25) 
 
 
A comparative breakdown of the direct water demands for Chamber filter press-based 
pathways for Phoenix, Arizona are provided below. 
 
 
 
 
 
 
      
Figure 30. Direct Water Demands for CFP pathways for Phoenix, Arizona 
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A.13 ALLOCATION 
In this study the energetic and environmental impacts of obtaining pure CO2 via MEA scrubbing 
are allocated between the algae cultivation facility and Natural Gas (NG) fired power plants on 
an energy basis. The allocation scheme is as follows: for every X MJ of electricity produced at a 
NG fired power plant, Y kg of CO2 are emitted which in turn produces Z MJ of algal biomass.  
The percentage of environmental and energetic impacts that are allocated to algal cultivation is 
equal to z(Z+X) .   To estimate the amount of CO2 produced per MJ of electricity at a Natural Gas 
power plant, emissions data for over 450 NG fired power plants were acquired from the eGRID 
database. Analysis of this data indicates that on average NG fired power plant produce 
approximately 470 kg of CO2 per MWh of electricity. Under this assumption, 44.8% of the 
environmental impacts due to MEA are allocated to algae cultivation. Additionally, unallocated 
values for EROIfossil and life cycle GHG emissions are provided in the following summary tables. 
A.14 SUMMARY TABLES 
The following tables provide the direct WDs, EROIfossil, and life cycle GHG emissions for 
biomass production with and without allocation under different combinations of cultivation and 
harvesting strategies. 
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Table 31. Allocated EROIFossil, net life cycle GHG emissions, and direct WDs for examined production pathways 
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Table 32. Allocated EROIFossil, net life cycle GHG emissions, and direct WDs for examined production pathways 
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A.15 LOW NITROGEN SCENARIO 
Previous studies have suggested that cultivating algae in low-nitrogen conditions can 
substantially increase the lipid content of the biomass [373-375]. However, nitrogen deprivation 
may have adverse effects on the algae culture, and additional experimental data is required to 
validate the feasibility of this approach. A low-nitrogen scenario was considered in this analysis, 
the fractionalized composition of algae under nitrogen deprivation, taken from Lardon et al. 
2009, was evaluated at 38.5% lipids, 52.9% carbohydrates, and 6.7% proteins [376]. The 
following tables provide the EROIfossil, and life cycle GHG emissions for biomass production for 
the low-nitrogen scenario (with and without allocation).  
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Table 33. Low Nitrogen Scenario: Allocated EROIFossil, net life cycle GHG emissions, and direct WDs for examined production pathways  
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Table 34. Low Nitrogen Scenario: Unallocated EROIFossil, net life cycle GHG emissions, and direct WDs for examined production pathways  
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A.16 ALTERNATIVE PRODUCTION SCENARIO 
An alternate technological route was considered in this work. This production pathway assumes 
that microalgae undergo auto-flocculation (AF) to concentrate the biomass to .25% (w/w) [125]. 
Recent studies have suggested that cross flow filtration (CFF) is a low-energy intensive 
technology that can be used to dewater the algae culture, and has many advantages over 
conventional centrifugation, pressure filtration, and dissolved air and/or froth flotation [126]. 
Therefore, post auto-flocculation biomass is then sent to a cross-flow filtration unit for further 
dewatering to 16% (w/w); the electrical consumption for cross flow filtration was evaluated at .5 
kWh/m3 [126]. A chamber filter press (CFP) is then used to further concentrate the algae to 25% 
(w/w), and both natural gas (NG) and waste heat (WHD) are evaluated as processing options for 
drying the biomass to 90% (w/w). This technological route may be favorable, as it does not rely 
on a coagulant for biomass production and uses low-energy dewatering strategies. 
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Table 35. Alternate Production Scenario: Allocated EROIFossil, net life cycle GHG emissions, and direct WDs for examined production pathways  
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Table 36. Alternate Production Scenario: Unallocated EROIFossil, net life cycle GHG emissions, and direct WDs for examined production pathways  
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APPENDIX B 
SUPPORTING INFORMATION FOR ASSESSING THE CRITICAL ROLE OF 
ECOLOGICAL GOODS AND SERVICES IN MICROALGAL BIOFUEL LIFE CYCLES 
B.1 MICROALGAL BIOFUEL PRODUCTION PATHWAYS 
Two technological sets: baseline and improved biofuel production pathways are evaluated in this 
work. Baseline scenarios utilize current commercially proven technologies and process options 
for microalgae-to-fuel conversion, while improved scenarios consider technologies and process 
options that have yet to be proven commercially feasible. The examined biofuel production 
scenarios are tabulated in Table 37. 
 
Table 37. Baseline and Improved Biofuel Production Pathways 
Production Pathways CO2 Dewatering Drying Extraction Residual Biomass 
Baseline Scenarios 
MEA CF NGD Dry  AF 
MEA CF NGD Dry  AD 
MEA CF NGD Dry  CHP 
Improved Scenarios 
Flue Gas CFP WHD Wet  AF 
Flue Gas CFP WHD Wet  AD 
Flue Gas CFP WHD Wet  CHP 
Waste heat from a co-located power plant is utilized to dry the residual deoiled biomass (RDB) prior to combustion via CHP as well as algal 
derived biofertilizer, and animal feed prior to transportation.  
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B.2 HYBRID ECOLOGICALLY-BASED LIFE CYCLE ASSESSMENT 
EcoLCA is a recent environmentally extended input-output life cycle oriented approach capable 
of accounting for the role of natural capital such as ecosystem goods and services in a life cycle 
framework. Eco-LCA considers a wide array of goods and services derived from nature and a 
hierarchical, thermodynamic-based resource aggregation scheme to permit meaningful 
interpretation [377]. EcoLCA was developed by researchers at the Ohio State University, and is 
available free of charge at http://resilience.eng.ohio-state.edu/eco-lca/ 
The hybrid Eco-LCA model developed in this study combines the 2002 Eco-LCA model 
of the US economy with detailed process level data [173]. This hybrid approach overcomes 
several of the shortcomings of traditional process LCA and Economic Input-Output (EIOLCA) 
[378]. 
B.3 METHODOLOGY 
Steps in developing hybrid Eco-LCA 
1.) Develop process scale inventory for fuel production pathways 
2.) Determine the 2002 producer prices for economic inputs used in fuel production 
3.) Quantify the 2002 economic activity for different industrial sectors via multiplying the 
mass and resources flows as developed in step (1) with their corresponding 2002 
producer price as constructed in step (2)  
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4.) Input the economic activity for specific industrial sectors as developed in step (3) into 
EcoLCA to determine the energy, exergy, and emergy based resource consumption from 
these economic activities.  
5.) Quantify direct ecological goods and services as well as fuel and energy products used in 
fuel production in regards to their energy, exergy and emergy.  
6.) Combine the results from EcoLCA (step 4) with process level data (step 5) to calculate 
total ecological resource consumption on a life cycle basis 
B.4 PROCESS LEVEL INVENTORY FOR MICROALGAL BIOFUEL 
PRODUCTION 
Process inventory for an integrated microalgal ORP biorefinery operating in Phoenix, AZ was 
constructed based on prior research. A detailed description of the modeling assumptions, 
equations, and parameters can be found in ref [144, 147]. Mass, energy, and resources flows 
entering and leaving the product system for the renewable diesel production pathways evaluated 
in this analysis are provided in Table 38. 
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Table 38. Process inventory for microalgal renewable diesel production 
B.5 PROCESS LEVEL INVENTORY FOR MICROALGAL BIOFUEL 
PRODUCTION 
The Eco-LCA model is developed based on a 2002 input-output (IO) model of the US economy. 
In this model, the US economy is aggregated into over 488 different economic sectors. In Eco-
LCA the final demand (economic activity) in each of the economic sectors is translated into 
ecological and natural resource consumption. As such, the 2002 producer price for economic 
inputs used in algal biofuel production must be obtained to properly account for the consumption 
Parameters Microalgal RD - Baseline Scenarios Microalgal RD - Improved Scenarios 
Inputs Units Animal Feed 
Anaerobic 
Digestion 
Combined Heat 
& Power 
Animal 
Feed 
Anaerobic 
Digestion 
Combined Heat 
& Power 
Electricity MJ 1.34E+08 1.41E+08 1.34E+08 8.99E+07 9.65E+07 8.99E+07 
Natural Gas m3 2.59E+07 2.68E+07 2.59E+07 3.59E+05 1.32E+06 3.59E+05 
Aluminum Sulfate kg 6.40E+06 6.40E+06 6.40E+06 6.40E+06 6.40E+06 6.40E+06 
Urea kg 6.28E+06 3.77E+06 6.28E+06 6.28E+06 3.77E+06 6.28E+06 
SSP kg 2.39E+06 1.72E+06 2.39E+06 2.39E+06 1.72E+06 2.39E+06 
KCL kg 1.00E+06 1.00E+06 1.00E+06 1.00E+06 1.00E+06 1.00E+06 
PVC m2 5.00E+05 5.00E+05 5.00E+05 5.00E+05 5.00E+05 5.00E+05 
Wastewater m3 8.75E+06 8.75E+06 8.75E+06 8.75E+06 8.75E+06 8.75E+06 
Hexane kg 5.20E+04 5.20E+04 5.20E+04 3.38E+04 3.38E+04 3.38E+04 
Hydrogen kg 1.72E+05 1.72E+05 1.72E+05 1.68E+05 1.68E+05 1.68E+05 
Petrolem Diesel gal 2.64E+04 4.94E+03 4.23E+03 2.63E+04 4.84E+03 4.14E+03 
Pipeline Transport gal 2.64E+04 4.94E+03 4.23E+03 2.63E+04 4.84E+03 4.14E+03 
Outputs Units Animal Feed 
Anaerobic 
Digestion 
Combined Heat 
& Power 
Animal 
Feed 
Anaerobic 
Digestion 
Combined Heat 
& Power 
Animal Feed  
(soybean meal eq.) 
kg 2.82E+07 0.00E+00 0.00E+00 2.82E+07 0.00E+00 0.00E+00 
Electricity MJ 0.00E+00 8.39E+07 7.86E+07 0.00E+00 8.39E+07 7.86E+07 
Biofertilizer (Urea eq.) kg 0.00E+00 8.28E+05 0.00E+00 0.00E+00 8.28E+05 0.00E+00 
Biofertilizer  (SSP eq.) kg 0.00E+00 6.73E+04 0.00E+00 0.00E+00 6.73E+04 0.00E+00 
Heat (NG eq.) m3  0.00E+00 0.00E+00 5.67E+06 0.00E+00 0.00E+00 5.67E+06 
Propane (LPG eq.) kg 3.17E+05 3.17E+05 3.17E+05 3.10E+05 3.10E+05 3.10E+05 
Renewable Diesel kg 5.38E+06 5.38E+06 5.38E+06 5.26E+06 5.26E+06 5.26E+06 
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of ecological resources in algal-fuel production. Table 39 provides the price data for economic 
inputs used in microalgal RD production. 
 
Table 39. Price data for economic inputs/outputs for microalgal renewable diesel production 
Economic Inputs and Outputs in Microalgal Renewable Diesel Production 
Material or Energy 
Input/Output Sector Name NAICS Code Year Unit $/Unit Source 
Inputs       
Electricity Electricity Power Generation 221100 2002 MJ 1.36E-02 ref[379] 
Natural Gas Natural Gas Distribution 221200 2002 m3 1.42E-01 ref[380] 
Aluminum Sulfate 
All other basic inorganic chemical 
manufacturing 325188 2000 kg 2.97E-01 
ref[381] 
Urea Fertilizer Manufacturing 325310 2002 kg 2.11E-01 ref[382] 
Superphosphate (SSP) Fertilizer Manufacturing 325310 2002 kg 2.44E-01 ref[382] 
Potassium Chloride (KCl) Fertilizer Manufacturing 325310 2002 kg 1.81E-01 ref[382] 
PVC 
Plastics Material and Resin 
Manufacturing 325211 1999 m2 2.58E+00 
ref[383] 
Wastewater Water, Sewage and Other Systems 221300 2003 m3 2.94E-02 ref[384] 
Hexane 
Other Basic Organic Chemical 
Manufacturing 325190 2003 kg 5.57E-01 
ref[385] 
Hydrogen Industrial Gas Manufacturing 325120 2010 kg 1.50E+00 ref[386] 
Diesel Petroleum Refineries 324110 1997 gal 5.75E-01 ref[378] 
Diesel Pipeline Transportation 486000 2006 gal 2.30E-02 ref[387] 
Coproducts       
Animal Feed  
(soybean meal eq.)  Other animal food manufacturing 311119 2002 kg 1.84E-01 Note
* 
Electricity Electricity Power Generation 221100 2002 MJ 1.36E-02 ref[379] 
Biofertilzier  (Urea eq.) Fertilizer Manufacturing 325310 2002 kg 2.11E-01 ref[382] 
Biofertilzier  (SSP eq.) Fertilizer Manufacturing 325310 2002 kg 2.44E-01 ref[382] 
Heat (NG eq.) Natural Gas Distribution 221200 2002 m3 1.42E-01 ref[380] 
Propane (LGP eq.) Petroleum Refineries 324110 2002 kg 2.46E-01 ref[388] 
*Price of algal derived animal feed was based off of the market value of soybean meal estimated from 
http://www.indexmundi.com/commodities/?commodity=soybean-meal&months=12 
 
An inflation calculator is used when 2002 price data cannot be obtained [174]. The 
inflation ratio is provided in Table 40. Furthermore, the inflation calculator can be accessed in 
the following link: http://www.bls.gov/data/inflation_calculator.htm 
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Table 40. Inflation Ratio 
Year Inflation Ratio (Relative to 2002) 
1997 1.12 
1998 1.10 
1999 1.08 
2000 1.04 
2001 1.02 
2002 1.00 
2003 0.98 
2004 0.95 
2005 0.92 
2006 0.89 
2007 0.87 
2008 0.84 
2009 0.84 
2010 0.83 
 
To obtain 2002 price data for economic inputs and outputs in microalgal RD production 
the market value of economic inputs was multiplied by the corresponding inflation ratio, the 
results are provided in Table 41 
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Table 41. 2002 Price data for economic inputs/outputs for microalgal renewable diesel production 
Material or Energy 
Product Sector Name NAICS Code Unit $2002 /Unit 
Inputs     
Electricity Electricity and Power Generation 221100 MJ 1.36E-02 
Natural Gas Natural Gas Distribution 221200 m3 1.42E-01 
Aluminum Sulfate All other basic inorganic chemical manufacturing 325188 kg 3.10E-01 
Urea Fertilizer Manufacturing 325310 kg 2.11E-01 
SSP Fertilizer Manufacturing 325310 kg 2.44E-01 
KCL Fertilizer Manufacturing 325310 kg 1.81E-01 
PVC Plastics Material and Resin Manufacturing 325211 m2 2.79E+00 
Wastewater Water, Sewage and Other Systems 221300 m3 2.87E-02 
Hexane Other Basic Organic Chemical Manufacturing 325190 kg 5.45E-01 
Hydrogen Industrial Gas Manufacturing 325120 kg 1.24E+00 
Diesel Petroleum Refineries 324110 gal 6.44E-01 
Diesel Pipeline Transportation 486000 gal 2.05E-02 
Coproducts     
Animal Feed  
(soybean meal eq.) Other animal food manufacturing 311119 kg 1.84E-01 
Electricity Electricity Power Generation 221100 MJ 1.36E-02 
Biofertilzier  (Urea eq.) Fertilizer Manufacturing 325310 kg 2.11E-01 
Biofertilzier  (SSP eq.) Fertilizer Manufacturing 325310 kg 2.44E-01 
Heat (NG eq.) Natural Gas Distribution 221200 m3  1.42E-01 
Propane (LPG eq.) Petroleum Refineries 324110 kg 2.46E-01 
 
 
The economic input(s) and output(s) are aggregated into their corresponding industrial 
sector(s), the results of data aggregation are provided in Table 42. 
 
Table 42. Economic Activity ($ 2002) for industrial sectors used in microalgal renewable diesel production 
Parameters Microalgae RD - Baseline Scenarios Microalgal RD - Improved Scenarios 
Sector Name AF AD CHP AF AD CHP 
Inputs       
Electricity and Power Generation 1.82E+06 1.91E+06 1.82E+06 1.22E+06 1.31E+06 1.22E+06 
Natural Gas Distribution 3.67E+06 3.81E+06 3.67E+06 5.10E+04 1.87E+05 5.10E+04 
All other basic inorganic chemical manuf. 1.98E+06 1.98E+06 1.98E+06 1.98E+06 1.98E+06 1.98E+06 
Fertilizer Manufacturing 2.09E+06 1.39E+06 2.09E+06 2.09E+06 1.39E+06 2.09E+06 
Plastics Material and Resin Manufacturing 1.39E+06 1.39E+06 1.39E+06 1.39E+06 1.39E+06 1.39E+06 
Water, Sewage and Other Systems 2.51E+05 2.51E+05 2.51E+05 2.51E+05 2.51E+05 2.51E+05 
Other Basic Organic Chemical Manufacturing 2.83E+04 2.83E+04 2.83E+04 1.84E+04 1.84E+04 1.84E+04 
Industrial Gas Manufacturing 2.13E+05 2.13E+05 2.13E+05 2.08E+05 2.08E+05 2.08E+05 
Petroleum Refineries 1.70E+04 3.18E+03 2.73E+03 1.70E+04 3.12E+03 2.66E+03 
Pipeline Transportation 5.41E+02 1.01E+02 8.67E+01 5.39E+02 9.91E+01 8.47E+01 
Coproducts       
Other animal food manufacturing 5.19E+06 0.00E+00 0.00E+00 5.19E+06 0.00E+00 0.00E+00 
Electricity Power Generation 0.00E+00 1.14E+06 1.07E+06 0.00E+00 1.14E+06 1.07E+06 
Fertilizer Manufacturing 0.00E+00 1.91E+05 0.00E+00 0.00E+00 1.91E+05 0.00E+00 
Natural Gas Distribution 0.00E+00 0.00E+00 8.06E+05 0.00E+00 0.00E+00 8.06E+05 
Petroleum Refineries 7.81E+04 7.81E+04 7.81E+04 7.64E+04 7.64E+04 7.64E+04 
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B.6 ECO-LCA RESULTS FOR MICROALGAL RENEWABLE DIESEL 
The EcoLCA model translates the economic activity in industrial sectors into natural resource 
consumption. EcoLCA quantifies the Energy, ICEC, and ECEC consumption per unit throughput 
of economic activity for a specific industrial sector. The Energy, ICEC, and ECEC to money 
ratios for the industrial sectors utilized in microalgal renewable diesel production are presented 
in Table 43. 
 
Table 43. Energy, ICEC, and ECEC to price ($2002) ratios for industrial sectors 
Sector Name NAICS Code 
1Energy/ $ 2ICEC/ $ 3ECEC/ $ 
Electricity and Power Generation 221100 1.30E+08 1.41E+08 1.02E+13 
Natural Gas Distribution 221200 7.56E+06 8.08E+06 1.08E+12 
All other basic inorganic chemical manufacturing 325188 2.80E+07 5.01E+07 1.48E+13 
Fertilizer Manufacturing 325310 8.01E+07 8.59E+07 1.25E+13 
Plastics Material and Resin Manufacturing 325211 9.36E+07 1.01E+08 9.61E+12 
Water, Sewage and Other Systems 221300 1.69E+06 1.93E+06 3.33E+12 
Other Basic Organic Chemical Manufacturing 325190 6.58E+07 7.12E+07 7.24E+12 
Industrial Gas Manufacturing 325120 2.54E+07 3.27E+07 5.40E+12 
Petroleum Refineries 324110 1.88E+07 1.99E+07 7.36E+08 
Pipeline Transportation 486000 7.15E+06 7.74E+06 9.17E+08 
Other animal food manufacturing 311119 2.12E+07 2.30E+07 5.35E+12 1 Units – Non-renewable energy (joules) per unit 2002 dollar 2 Units – Non-renewable exergy (joules) per unit 2002 dollar 3 Units - Solar equivalent joules (sej) per unit 2002 dollar 
 
Energy, ICEC, and ECEC consumption obtained via EcoLCA was calculated by 
multiplying the results from Table 42 with their corresponding Energy, ICEC, and ECEC to price 
ratio(s) given in Table 43. The results are provided in Table 44. 
 
 
 
 
 
 
 
  210 
Table 44. Energy, ICEC, and ECEC consumption obtained via EcoLCA 
Parameters Microaglal RD - Baseline Scenarios Microalgal RD - Improved Scenarios 
Coproduct Scenarios AF AD CHP AF AD CHP 
Inputs       
Non-Renewable Energy1  6.26E+14 5.83E+14 6.26E+14 5.20E+14 4.77E+14 5.19E+14 
Non-Renewable ICEC 2 7.15E+14 6.69E+14 7.15E+14 6.01E+14 5.55E+14 6.00E+14 
ECEC3 9.37E+19 8.61E+19 9.36E+19 8.36E+19 7.59E+19 8.35E+19 
Coproducts             
Non-Renewable Energy1  1.12E+14 1.65E+14 1.47E+14 1.12E+14 1.65E+14 1.47E+14 
Non-Renewable ICEC 2 1.21E+14 1.78E+14 1.58E+14 1.21E+14 1.78E+14 1.58E+14 
ECEC3 2.79E+19 1.42E+19 1.20E+19 2.79E+19 1.42E+19 1.20E+19 1 Units – Non-renewable energy (joules) per unit 2002 dollar 2 Units – Non-renewable exergy (joules) per unit 2002 dollar 3 Units - Solar equivalent joules (sej) per unit 2002 dollar 
B.7 DIRECT ECOLOGICAL GOODS AND SERVICES AND USE PHASE OF 
ENERGY/FUEL PRODUCTS IN MICROALGAL RENEWABLE DIESEL 
PRODUCTION 
EcoLCA does not consider the use phase of energy and fuel products or direct ecological good 
and services that are consumed at the process scale. Therefore, data from the process scale must 
be added to the results obtained via EcoLCA. 
 
B.7.1 Direct Ecological Goods and Services 
Direct ecological goods and services (EGS) considered in algal RD production include solar 
insolation (sunlight), freshwater, and photosynthetic CO2. The energy and material flows for 
direct EGS are provided in Table 45. Furthermore, the energy, exergy, and transformity of direct 
EGS are provided in Table 46.  
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Table 45. Direct Ecological Goods and Services in Microalgal RD production 
Direct EGS Unit Microalgal RD Baseline Scenarios 
Microalgal RD 
Improved Scenarios 
Solar Insolation1  Joule 3.01E+15 3.01E+15 
Solar Insolation (Metabolized) Joule 6.03E+13 6.03E+13 
Atmospheric Carbon2 Grams 1.59E+10 1.59E+10 
Freshwater2 Grams 1.11E+13 1.10E+13 1ref [105] 2Based on process calculations  
Table 46. Energy, Exergy, and Transformity of Direct EGS  
Direct EGS Unit Energy (j) /Unit Exergy (j) /Unit Transformity (sej/unit) 
Solar Insolation joule 1 1 1 
Photosynthetic CO2  grams carbon N/A N/A 103992000  
Freshwater grams N/A 4.94 202540  
 
The energy, exergy, and emergy of Direct EGS used in microalgal RD production were 
calculated via multiplying the resources flows as expressed in Table 45 with their corresponding 
energy, exergy, and transformity given in Table 46. The results are provided in Table 47.  
  
Table 47. Energy, Exergy, and Emergy of direct EGS in microalgal RD production 
Parameters Microalgal RD - Baseline Scenarios Microalgal RD - Improved Scenarios 
Direct EGS Energy* Exergy* Emergy Energy* Exergy* Emergy 
Solar Insolation 6.03E+13 6.03E+13 3.01E+15 6.03E+13 6.03E+13 3.01E+15 
Photosynthetic CO2 N/A N/A 1.65E+18 N/A N/A 1.65E+18 
Freshwater N/A 5.47E+13 2.24E+18 N/A 5.42E+13 2.22E+18 *Only metabolized sunlight was considered for energy and exergy analysis 
B.7.2 Use Phase of Energy and Fuel Products 
The specific energy, exergy, and transformity of fuel and energy products used in biofuel 
production are provided in Table 48. Futher, it is assumed that the transformity of diesel and 
LPG is equivalent to gasoline. 
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Table 48. Energy, Exergy, and Transformity of Fuel and Energy Products 
1EcoLCA does not consider the feedstock energy consumed in electricity production (i.e. the combustion of coal, natural g, etc.). The energy, exergy, and transformity of electricity was developed based on the 2002 U.S. average electricity mix and electricity generation efficiency. (See below for specific details) 2ref[18] 3ref[269] 4ref[389] 5ref[158] 6ref [180] 7ref [390] *The transformity of Diesel and LPG was assumed to be equivalent to gasoline [378] 
 
 
To determine the energy, exergy, and emergy of natural resources consumed in the 
production of 1 MJ of electricity, it was first necessary to quantify the high and low estimates for 
electricity conversion by primary energy resource type and quantify the U.S. 2002 electricity 
generation mix. This data is provided in Table 49.  
 
 
Table 49. 2002 U.S. Electricity generation mix and electricity generation conversion efficiencies 
Primary Energy 
Resources 
2002 U.S. Electricity 
Generation Mix (%) 
Conversion Efficiency1 % 
(Upper bound) 
Conversion Efficiency1 % 
(Lower bound) Avg, 
Coal 52.0 47 39 43 
Crude Oil 2.5 44 38 41 
Natural Gas 16.5 - - 39 
Nuclear 21.0 36 33 34.5 
Hydroelectricity 7.3 95 90 92.5 
Wind 0.3 - - 35 
Geothermal 0.4 - - 15 1 ref[253] 
 
Parameters Unit Density Unit Energy Exergy Unit Transformity 
Gasoline kg/gal 2.78E+00 MJ/kg 244.8 248.3 sej/j 6111000 
Diesel kg/gal 3.18E+00 MJ/kg 243.3 244.4 sej/j *111000 
LPG kg/gal 2.05E+00 MJ/kg 247.3 248.8 sej/j *111000 
Natural Gas kg/scf 1.88E-02 MJ/kg 355.1 250.7 sej/j 680600 
Electricity1 - - MJ/MJ 2.4 2.8 sej/j 165542 
Coal - - MJ/kg 320.6 429 sej/j 667200 
Crude Oil - - MJ/kg 342.686 546.2 sej/j 690700 
Nuclear - - TJ/kg-U235 779.5 775.0 sej/g 61880000000 
Hydro - - J/J 1 1 sej/j 646643 
Wind - - J/J 1 1 sej/j 62510 
Geothermal - - J/J 1 1 sej/j 610200 
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The amount of each primary resources (J) required to produce 1 J of electricity was 
calculated by multiplying by the inverse of the conversion efficiency, the results are shown in 
Table 50. The results should be interpreted as follows: on average it takes 2.3 J of coal to 
produce 1 J of coal-electricity. Additionally, it takes approximately 2.5 J of crude oil to produce 
1 J of crude-oil derived electricity. The same interpretation applies to the other primary energy 
resources. The amount of each primary resource required to produce 1 J of the 2002 avg. 
electricity mix is given by the weighted average column shown in Table 50. 
 
Table 50. Amount of each primary resource (J) required to produce 1 J of electricity based on the 2002 avg. 
electricity mix 
Primary Energy Resource Lower Bound Upper Bound Average Weighted Average 
Coal 2.6 2.1 2.3 1.22 
Crude Oil 2.6 2.3 2.5 0.06 
Natural Gas - 2.6 2.6 0.42 
Nuclear 3.0 2.8 2.9 0.61 
Hydroelectricity 1.1 1.1 1.1 0.08 
Wind - 2.9 2.9 0.01 
Geothermal - 6.7 6.7 0.03 
 
Direct primary energy resources consumed in the production of 1 J of electricity based on 
the 2002 U.S. electricity mix was calculated via multiplying the weighted average as obtained in 
Table 50 with the specific exergy and transformity values shown in Table 48. The results are 
provided in Table 51.  
 
Table 51. Direct primary energy resources consumed in the production of 1 J of electricity based on the 2002 U.S. 
electricity mix. Consumption is reported in terms of energy, exergy, and emergy. 
Parameters Coal Crude Oil NG Nuclear Hydro Wind  Geothermal Total 
Energy (J) 1.22E+00 6.13E-02 4.23E-01 6.10E-01 7.90E-02 8.57E-03 2.67E-02 2.43 
Exergy (J) 1.56E+00 6.64E-02 4.53E-01 5.75E-01 7.90E-02 8.57E-03 2.67E-02 2.77 
Emergy (sej) 1.05E+05 6.02E+03 3.65E+04 1.44E+04 3.68E+03 2.15E+01 2.72E+02 1.66E+05* 
*Based on the analysis, the transformity of electricity is approximately 1.66 x 105 sej/J-electricity for the 2002 U.S. 
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The use phase of energy & fuel products in microalgal RD production were accounted for 
via multiplying the resources flows of electricity, natural gas, diesel, propane, etc. as developed 
in Table 38 with their corresponding specific energy, exergy, and transformity values given in in 
Table 48, the results are provided in Table 52. 
 
Table 52. Use phase of energy/fuel products in miroalgal RD production 
Parameters Microalgal RD - Baseline Scenarios Microalgal RD - Improved Scenarios 
Coproduct Scenarios AF AD CHP AF AD CHP 
Inputs       
Non-Renewable Energy  1.32E+15 1.37E+15 1.32E+15 2.26E+14 2.75E+14 2.23E+14 
Non-Renewable Exergy  1.30E+15 1.35E+15 1.30E+15 2.64E+14 3.13E+14 2.61E+14 
Emergy  9.82E+19 1.02E+20 9.78E+19 1.68E+19 2.04E+19 1.65E+19 
Coproducts             
Non-Renewable Energy  1.50E+13 2.10E+14 4.18E+14 1.47E+13 2.09E+14 4.18E+14 
Non-Renewable Exergy  1.55E+13 2.38E+14 4.35E+14 1.51E+13 2.46E+14 4.35E+14 
Emergy  3.52E+16 1.39E+19 2.99E+19 3.44E+16 1.44E+19 2.99E+19 
B.7.3 Energy and Exergy of Microalgal Biofuels 
Szargut 2005 [391] derived an empirical relationship between the specific exergy of a liquid 
technical fuel, its lower heating value, and its C,H,O, S composition provided in equation (26) 
 
β = 1.041 + 0.1728 ZH2
ZC
+ 0.0432 ZO2
ZC
+ 0.2169 Zs
ZC
(1 − 2.0628 ZH2
ZC
)  (26)                  
 
 
Where ZX is the mass fraction of the Xth element in the liquid technical fuel. The exergy 
of the liquid technical fuel is given by equation (27) 
 Exergyfuel = LHV ∗ β    (27)                
 
The lower heating value for renewable diesel II and biodiesel was taken from GREET 
[269] and is provided in Table 53. 
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Table 53. Fuel Properties of Renewable Diesel and Biodiesel 
Transportation Fuel % C % H % O % S LHV (MJ/kg-fuel) 𝜷𝜷 Exergy (MJ/kg-fuel) 
Renewable Diesel 87.1 12.9 0 0 43.97 1.066 46.90 
Biodiesel 76.2 12.6 11.2 0 37.52 1.076 40.37 
B.8 THERMODYNAMIC RETURN ON INVESTMENT FOR MICROALGAL 
RENEWABLE DIESEL  
Total energy, ICEC, and ECEC consumption is obtained via combining the results from EcoLCA 
(Table 44) with process level data (Table 47 and Table 52). Equations for energy, exergy, and 
emergy return on investment are provided in Chapter 3. It is important to note that only 
processing and co-product flows are considered in the determination of return on investment, 
feedstock energy in not included (i.e. for microalgal biofuels direct sunlight is not included). The 
results of the analysis for microalgal renewable diesel are graphically represented via Figure 31. 
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Table 54. Thermodynamic return on investment for microalgal renewable diesel production based on energy, ICEC, 
and ECEC 
Parameters Microalgal RD - Baseline Scenarios Microalgal RD - Improved Scenarios 
Coproduct Scenarios AF AD CHP AF AD CHP 
Inputs = (EcoLCA + Use Phase + Direct EGS*) 
Non-Renewable Energy (J) 1.95E+15 1.96E+15 1.95E+15 7.45E+14 7.52E+14 7.42E+14 
Non-Renewable ICEC (J) 2.02E+15 2.02E+15 2.01E+15 8.64E+14 8.68E+14 8.61E+14 
ECEC (Sej) 1.96E+20 1.92E+20 1.95E+20 1.04E+20 1.00E+20 1.04E+20 
Coproducts  = (EcoLCA + Use Phase) 
Non-Renewable Energy (J) 1.27E+14 3.75E+14 5.65E+14 1.26E+14 3.74E+14 5.64E+14 
Non-Renewable ICEC (J) 1.36E+14 4.24E+14 5.93E+14 1.36E+14 4.24E+14 5.93E+14 
ECEC (Sej) 2.79E+19 2.86E+19 4.19E+19 2.79E+19 2.86E+19 4.19E+19 
Difference = (Inputs-Coproducts) 
Non-Renewable Energy (J) 1.82E+15 1.58E+15 1.38E+15 6.19E+14 3.78E+14 1.78E+14 
Non-Renewable ICEC (J) 1.88E+15 1.59E+15 1.42E+15 7.28E+14 4.44E+14 2.68E+14 
ECEC (Sej) 1.68E+20 1.63E+20 1.54E+20 7.63E+19 7.16E+19 6.20E+19 
Renewable Diesel  
Energy (J) 2.36E+14 2.36E+14 2.36E+14 2.31E+14 2.31E+14 2.31E+14 
Exergy (J) 2.52E+14 2.52E+14 2.52E+14 2.47E+14 2.47E+14 2.47E+14 
Exergy x 𝜏𝜏𝑃𝑃𝐻𝐻𝑥𝑥  (Sej) 2.80E+19 2.80E+19 2.80E+19 2.74E+19 2.74E+19 2.74E+19 
Return on Investment =  (Renewable Diesel / Difference) 
EROI 0.13 0.15 0.17 0.37 0.61 1.30 
ExROI 0.13 0.16 0.18 0.34 0.55 0.92 
EmROI1 0.17 0.17 0.18 0.36 0.38 0.44 
1EmROI = 𝑬𝑬𝑬𝑬𝜹𝜹𝒓𝒓𝑻𝑻𝒉𝒉𝑹𝑹𝑹𝑹 𝑬𝑬 𝝉𝝉𝒎𝒎𝑻𝑻𝑬𝑬
𝑰𝑰𝑬𝑬𝑰𝑰𝒉𝒉𝒓𝒓𝒔𝒔 𝑬𝑬𝑪𝑪𝑬𝑬𝑪𝑪−𝑪𝑪𝑪𝑪𝑰𝑰𝒓𝒓𝑪𝑪𝒉𝒉𝒉𝒉𝑪𝑪𝒓𝒓 𝑬𝑬𝑪𝑪𝑬𝑬𝑪𝑪 , where 𝝉𝝉𝒎𝒎𝑻𝑻𝑬𝑬 is the transformity of petroleum diesel ~ 1.11x105 sej/j. 
*The feedstock energy (i.e. direct sunlight) is not considered in the analysis of ROI.  
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Figure 31. Thermodynamic Return on Investment (ROI) for the microalgal RD production under several 
coproduct scenarios for the de-oiled algal biomass 
B.9 ECEC SUSTAINABILITY PERFORMANCE METRICS FOR MICROALGAL 
RENEWABLE DIESEL 
Several ECEC-based metrics including yield ratio, Environmental Loading Ratio, Yield-to-Load 
Ratio, and Renewability (%) were used for quantifying the sustainability and performance of 
microalgae biofuel production. Detailed descriptions and definitions of these metrics are 
provided in Chapter 3. Traditional emergy analysis forbids allocation amongst coproducts [378]. 
Thus, for ECEC based performance and sustainability metrics, allocation/co-product credits were 
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not considered. A summary table of the ECEC sustainability/performance metrics for microaglal 
RD are provided in Table 55. Ecological resource intensity plots for baseline and improved 
microaglal RD fuel pathways are provided in Figure 32.  
 
Table 55. ECEC sustainability and Performance Metrics for Microalgal Renewable Diesel 
Parameters Microalgal RD - Baseline Scenarios Microalgal RD - Improved Scenarios 
 Coproduct Scenarios AF AD CHP AF AD CHP 
Total ECEC = (EcoLCA + Use 
Phase + Direct EGS)  1.96E+20 1.92E+20 1.95E+20 1.04E+20 1.00E+20 1.04E+20 
Direct EGS ECEC = (ECEC solar 
insolation + ECEC Water +ECEC 
photosynthetic CO2) 3.90E+18 3.90E+18 3.90E+18 3.88E+18 3.88E+18 3.88E+18 
Non-Renewable ECEC  1.89E+20 1.85E+20 1.88E+20 9.77E+19 9.40E+19 9.73E+19 
Renewable ECEC 7.09E+18 6.72E+18 7.09E+18 6.61E+18 6.24E+18 6.61E+18 
ECEC Performance Metrics       
Yield Ratio1 1.02 1.02 1.02 1.04 1.04 1.04 
Environmental Loading Ratio2 26.62 27.53 26.57 14.78 15.06 14.72 
Yield-to-Load Ratio3 0.04 0.04 0.04 0.07 0.07 0.07 
Renewability (%)4 3.62 3.51 3.63 6.34 6.23 6.36 
1ECEC Yield Ratio is calculated as EYR = (Total ECEC / Indirect ECEC).  
2Environmental Loading Ratio is calculated as ELR = (Non Ren ECEC / (Ren ECEC)) 
3Yield to Loading Ratio is calculated as YLR = (EYR / ELR) 
4Renewablity Index % = (Ren ECEC / (Total ECEC)) x 100 
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Figure 32. Ecological resource intensity of producing microalgal RD relative to petroleum diesel. Resource 
intensity ratios were developed via taking the ratio of ECEC of resources required to produce one mega-joule (MJ) 
of RD to the ECEC required to produce one MJ of PD. Coproduct(s) were accounted for via system boundary 
expansion, i.e. ECEC from coproduct(s ) were subtracted from total resource use. Some columns are not shown on 
the logarithmic graph due to negative value(s) that occur as a result of displacement. 
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B.10 PROCESS INVENTORIES FOR PETROLEUM DIESEL 
Process inventory for petroleum diesel was taken from Baral et al 2009 [378] and is provided in 
Table 56. 
Table 56. Process Inventory for Petroleum Diesel 
Inputs from the economy Units Value 1997 $ Inflation Ratio 2002 $ 
Crude Oil Transport gal 2.08E+07 2.33E+05 1.12 2.61E+05 
Diesel Production Units Value 1997 $ Inflation Ratio 2002 $ 
Crude Oil gal 2.08E+07 1.02E+07 1.12 1.14E+07 
LPG gal 1.56E+04 5.78E+03 1.12 6.47E+03 
Natural Gas SCF 6.09E+07 2.18E+05 1.12 2.44E+05 
Residual Fuel Oil gal 8.26E+03 3.30E+03 1.12 3.70E+03 
Still Gas gal 8.92E+05 2.43E+05 1.12 2.72E+05 
Petroleum Coke gal 3.36E+05 4.19E+04 1.12 4.69E+04 
Diesel gal 2.83E+03 1.61E+03 1.12 1.80E+03 
Coal kg 2.70E+05 5.83E+03 1.12 6.53E+03 
Electricity kWh 3.26E+06 1.48E+05 1.12 1.66E+05 
Steel in Refinery kg 1.04E+04 7.40E+03 1.12 8.29E+03 
Electricity (wastewater treatment) kWh 1.92E+05 8.71E+03 1.12 9.76E+03 
Rail Transportation for coal kg 2.70E+05 2.97E+03 1.12 3.33E+03 
Pipeline transportation of diesel gal 4.00E+06 7.36E+04 1.12 8.24E+04 
Outputs Units Value 1997 $ Inflation Ratio 2002 $ 
Diesel gal 4.00E+06 N/A N/A N/A 
 
B.11 ECONOMIC INPUTS FOR PETROLEUM DIESEL PRODUCTION 
Aggregating the results from Table 56, the total economic activity (i.e. economic throughput) for 
industrial sectors used in the production of petroleum diesel is provided in Table 57. 
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Table 57. Economic activity ($2002) for industrial sectors used in petroleum diesel production 
 
Sector Name Sector Code Economic Activity ($2002) 
Pipeline Transportation 486000 3.43E+05 
Oil and Gas Extraction 211000 1.14E+07 
Petroleum Refineries 324110 3.31E+05 
Natural gas distribution 221200 2.51E+05 
Electric Power and Generation 221100 1.76E+05 
Iron and Steel Mill 331110 8.29E+03 
Rail Transportation 482000 3.33E+03 
B.12 ECO-LCA, USE-PHASE, AND DIRECT EGS FOR PETROLEUM DIESEL 
PRODUCTION 
Table 58. Direct Ecological Goods and Services as well as process fuel/energy consumption in petroleum 
diesel production 
Direct Ecological Goods and Services Units Value Energy (J) Exergy (J) Emergy (sej) 
Crude Oil gal 2.08E+07 2.84E+15 3.08E+15 2.79E+20 
Inputs from the economy Units Value Energy (J) Exergy (J) Emergy (sej) 
LPG gal 1.56E+04 1.51E+12 1.56E+12 1.73E+17 
Natural Gas SCF 6.09E+07 6.31E+13 5.80E+13 4.68E+18 
Residual Fuel Oil gal 8.26E+03 1.22E+12 1.31E+12 1.45E+17 
Still Gas gal 8.92E+05 1.21E+14 1.34E+14 1.49E+19 
Petroleum Coke gal 3.36E+05 4.84E+13 5.08E+13 5.64E+18 
Diesel gal 2.83E+03 3.90E+11 4.00E+11 4.44E+16 
Coal kg 2.70E+05 5.56E+12 7.83E+12 5.26E+17 
Electricity kWh 3.26E+06 2.85E+13 3.25E+13 1.94E+18 
Electricity (wastewater treatment) kWh 1.92E+05 1.68E+12 1.91E+12 1.14E+17 
Outputs Units Value Energy (J) Exergy (J) Emergy (sej) 
Diesel gal 4.00E+06 5.51E+08 5.65E+08 6.27E+19   
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Table 59. Results from EcoLCA and process analysis for the production of 4.0 x 106 gallons of petroleum 
diesel 
Parameters Use Phase + Direct EGS* EcoLCA Results 
Non-renewable Energy 2.70E+14 1.98E+14 
Non-renewable Exergy 2.87E+14 2.10E+14 
Emergy 2.82E+19 2.40E+19 
*Does not consider feedstock energy, (i.e. the energy, exergy, or emergy of crude oil). 
B.13 THERMODYNAMIC RETURN ON INVESTMENT AND ECEC BASED 
PERFORMANCE METRICS FOR PETROLEUM DIESEL 
Table 60. Thermodynamic Return on Investment and ECEC based performance metrics for Petroleum 
Diesel production 
Thermodynamics Return On Investment Metrics for Petroleum Diesel 
Parameters NR Energy NR Exergy Emergy 
EcoLCA 1.98E+14 2.10E+14 2.40E+19 
Use Phase 2.70E+14 2.87E+14 2.82E+19 
Total = EcoLCA+Use Phase+Direct EGS1 4.68E+14 4.98E+14 5.22E+19 
Market Allocation2 9.93E+13 1.06E+14 1.11E+19 
Mass Allocation3 8.94E+13 9.51E+13 9.97E+18 
Output - Petroleum Diesel 5.51E+14 5.65E+14 6.27E+19 
Thermodynamic Return On Investment (mass) 6.16 5.94 6.29 
Thermodynamic Return On Investment (market) 5.55 5.35 5.66 
Thermodynamic Return On Investment (avg.) 5.86 5.65 5.98 
ECEC performance and sustainability metrics for Petroleum Diesel 
Total ECEC = (EcoLCA+Use Phase+Direct EGS)2 3.31E+20 
Direct EGS = ECEC crude oil 2.79E+20 
Non-Renewable ECEC 3.31E+20 
Renewable ECEC 4.35E+17 
ECEC Yield Ratio (EYR) 6.34 
Environmental Loading Ratio (ELR) 760.19 
Yield to Load Ratio (YLR) 0.01 
Renewability Index (%) 0.13 1The feedstock energy (i.e. crude oil) is not considered in the analysis of ROI.  2The feedstock energy (crude oil) is considered in evaluation of ECEC performance indicators.  2In market allocation 21.1% of total environmental impacts are allocated to petroleum diesel 3In mass allocation 19.1% of total environmental impacts are allocated to petroleum diesel 
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B.14 THERMODYNAMIC RETURN ON INVESTMENT, ECEC BASED 
PERFORMANCE METRICS, AND ECOLOGICAL RESOURCE INTENSITY FOR 
MICROALGAL BIODIESEL PRODUCTION 
Analysis was conducted to determine the thermynamic ROI and ECEC performance metrics for 
microalgal derived biodiesel (BD). The results of the analysis are provided in Table 61. 
Additional results showing the ecological resource intensity of microalgal biodiesel production 
(relative to petroleum diesel) is provided in Table 61.  
Table 61. Thermodynamic Return on Investment and ECEC based performance metrics for Microalgal 
Biodiesel 
 Microalgal BD - Baseline Scenarios Microalgal BD - Improved Scenarios 
Coproduct Scenarios AF AD CHP AF AD CHP 
EROIfossil 0.13 0.17 0.17 0.37 0.61 1.28 
ExROIfossil 0.14 0.16 0.18 0.34 0.56 0.93 
EmROI 0.18 0.15 0.18 0.37 0.40 0.46 
Renewability (%) 3.86 3.45 3.57 6.29 6.18 6.31 
EYR 1.02 1.02 1.02 1.04 1.04 1.04 
ELR 26.18 27.96 26.99 14.90 15.19 14.84 
YLR 0.04 0.04 0.04 0.07 0.07 0.07 
 
 
 
 
 
 
 
 
 
 
  224 
 
 
 
 
 
 
 
 
 
Figure 33. Ecological resource intensity of producing microalgal BD relative to petroleum diesel. Resource 
intensity ratios were developed via taking the ratio of ECEC of resources required to produce one mega-joule (MJ) 
of BD to the ECEC required to produce one MJ of PD. Coproduct(s) were accounted for via system boundary 
expansion, i.e. ECEC from coproduct(s ) were subtracted from total resource use. Some columns are not shown on 
the logarithmic graph due to negative value(s) that occur as a result of displacement. 
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APPENDIX C 
SUPPORTING INFROMATION FOR BIOFUELS VIA FAST PYROLYSIS OF 
PERENNIAL GRASSES: A LIFE CYCLE EVALUATION OF ENERGY 
CONSUMPTION AND GREENHOUSE GAS EMISSIONS 
C.1 MODEL DEVELOPMENT 
A hybrid life cycle model was developed to determine the environmental sustainability of fast 
pyrolysis biofuel production via coupling a detailed agricultural model with Aspen simulation 
and life cycle assessment. The hybrid model provides detailed process level material, energy, and 
emissions flows for fast pyrolysis and upgrading of bio-oil from switchgrass and/or miscanthus 
feedstock. Life cycle impact assessment (LCIA) is performed on the life cycle inventory (LCI) 
data obtained from the hybrid model.  Uncertainty in the analysis is propagated via monte-carlo 
simulation, and used to determine bounds for sustainability criteria such as Energy Return On 
Investment (EROI) and life cycle GHG emissions. Aspen Plus version V8.6 was used to simulate 
the thermochemical conversion of lignocellulosic biomass to renewable transportation fuel. The 
biofeedstocks (Switchgrass and Miscanthus), biochar, and ash were defined in the simulation as 
non-conventional components, based on their Ultimate, Proximate, and Sulfanal analysis. The 
Peng-Robinson property method was used in the simulation.  Information for some of the bio-oil 
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components produced via fast pyrolysis is not available in commercial Aspen Plus database(s); 
thermochemical properties for these components are estimated via the built-in Aspen property 
estimator based on their chemical structure (i.e. imported MOL File) and any available 
thermochemical and physical property data. It is important to note that combustion of 
biochar/ash as well as light hydrocarbons via CHP is not modeled in the Aspen simulation 
environment, but instead based on side calculations using reported estimates for commercial 
CHP electricity and heating conversion efficiencies. Additionally, loss of bio-oil due to catalyst 
coking is manually adjusted outside of the simulation environment.  
C.2 SUSTAINABILITY METRICS 
The carbon footprint was calculated via multiplying the material and energy consumption, as 
well as emissions flows for each unit process in the production chain by their corresponding 
impact factors to convert to a common unit of CO2 equivalence (CO2e) evaluated over a 100-
year timeframe. The carbon footprint for biofuel production was evaluated as the sum of direct 
and indirect CO2e emissions that occur throughout the supply chain. Negative carbon credits are 
given to CO2 deposition from the atmosphere (Biogenic CO2), and may also be attributed to 
coproducts generated in the system (i.e. electricity, etc). Combustion of biofuel and bioenergy 
products was based on stoichiometry and assumes that all carbon in said products is converted to 
CO2. Definitions for EROI and carbon footprint under the differing allocation schemes and co-
product scenarios are provided below. 
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Table 62. Key Parameters in the calculation of EROI and Life Cycle GHG Emissions 
Parameter Symbol Units Notes 
Biofuel Energy Ebiofuel MJ (LHVbiofuel)*( Massbiofuel) 
Coproduct Electricity CElec MJ Based on CHP Electrical conversion efficiency. 
CElec = CElec,Exp+ CElec,Recycle 
Electricity Export CElec,Exp MJ If Coproduct Electricity (CElec) exceeds Process 
Electricity Requirements (PElec), surplus 
electricity is exported offsite and displaces the 
U.S. average electricity mix. Electricity Export 
(Celec,Exp) = (CElec-PElec). 
Electricity Recycle CElec,Recycle MJ Coproduct electricity that is used onsite to meet 
process electricity utility, CElec,Recycle≤ PElec 
Coproduct Heat CHeat MJ Based on CHP Heat conversion efficiency. Only 
usable heat is considered (i.e. CHeat,Recycle ≤ 
PHeat). 
Process Electricity PElec MJ Based on Elec. Utility from Hybrid model 
Process Heat  PHeat MJ Based on Heat Duty from ASPEN simulation 
Primary Energy Impact Factor 
- Electricity 
IFPE,Elec MJ Primary Fossil 
Energy/MJ-Electricity 
Based on data obtained from life cycle 
databases 
Primary Energy Impact Factor 
- Heat 
IFPE,Heat MJ Primary Fossil 
Energy/MJ-Heat 
Based on data obtained from life cycle 
databases 
Global Warming Potential 
Impact Factor - Electricity 
IFGHG,Elec gCO2e./MJ-Electricity Based on data obtained from life cycle 
databases 
Global Warming Potential 
Impact Factor - Heat 
IFGHG,Heat gCO2e./MJ-Heat Based on data obtained from life cycle 
databases 
Primary fossil energy for all 
other material, energy, and 
emissions flows  
PEMisc MJ Primary Fossil 
Energy 
Primary Fossil Energy consumption for all 
material and energy flows (excluding process 
heating and electrical utility) 
Life Cycle GHG emissions for 
all other material, energy, and 
emissions flows 
GHGMisc gCO2e Life cycle GHG emissions for all material, 
energy, and emissions flows (excluding process 
heating, electrical utility) 
GHG sequestration from 
Biochar 
GHGChar gCO2e Based on carbon content (C%) of biochar, as 
well as fraction of carbon remitted to atm. as 
CO2 
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𝐺𝐺𝐻𝐻𝐺𝐺𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝐹𝐹,𝑆𝑆𝑃𝑃 = �(𝐺𝐺𝐻𝐻𝐺𝐺𝑀𝑀𝑅𝑅𝑜𝑜𝐸𝐸)+𝐸𝐸𝐹𝐹𝐺𝐺𝐻𝐻𝐺𝐺,𝐻𝐻𝛿𝛿𝑇𝑇𝑜𝑜∗(𝑃𝑃𝐻𝐻𝛿𝛿𝑇𝑇𝑜𝑜−𝐶𝐶𝐻𝐻𝛿𝛿𝑇𝑇𝑜𝑜)+𝐸𝐸𝐹𝐹𝐺𝐺𝐻𝐻𝐺𝐺,𝐸𝐸𝑐𝑐𝛿𝛿𝐸𝐸∗�𝑃𝑃𝐸𝐸𝑐𝑐𝛿𝛿𝐸𝐸−𝐶𝐶𝐸𝐸𝑐𝑐𝛿𝛿𝐸𝐸,𝐸𝐸𝛿𝛿𝐸𝐸𝑦𝑦𝐸𝐸𝑐𝑐𝛿𝛿�−𝐺𝐺𝐻𝐻𝐺𝐺𝐶𝐶ℎ𝑇𝑇𝐶𝐶�∗� 𝑃𝑃𝑏𝑏𝐵𝐵𝐵𝐵𝑏𝑏𝑏𝑏𝑅𝑅𝑏𝑏𝑃𝑃𝑏𝑏𝐵𝐵𝐵𝐵𝑏𝑏𝑏𝑏𝑅𝑅𝑏𝑏+𝐶𝐶𝑃𝑃𝑏𝑏𝑅𝑅𝑀𝑀,𝑃𝑃𝐸𝐸𝐸𝐸�𝐸𝐸𝑏𝑏𝐵𝐵𝐵𝐵𝑏𝑏𝑏𝑏𝑅𝑅𝑏𝑏   (32)  
  
𝐺𝐺𝐻𝐻𝐺𝐺𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝐹𝐹,𝐵𝐵𝐸𝐸 =  �(𝐺𝐺𝐻𝐻𝐺𝐺𝑀𝑀𝑅𝑅𝑜𝑜𝐸𝐸)+𝐸𝐸𝐹𝐹𝐺𝐺𝐻𝐻𝐺𝐺,𝐻𝐻𝛿𝛿𝑇𝑇𝑜𝑜∗(𝑃𝑃𝐻𝐻𝛿𝛿𝑇𝑇𝑜𝑜−𝐶𝐶𝐻𝐻𝛿𝛿𝑇𝑇𝑜𝑜)+𝐸𝐸𝐹𝐹𝐺𝐺𝐻𝐻𝐺𝐺,𝐸𝐸𝑐𝑐𝛿𝛿𝐸𝐸∗�𝑃𝑃𝐸𝐸𝑐𝑐𝛿𝛿𝐸𝐸−𝐶𝐶𝐸𝐸𝑐𝑐𝛿𝛿𝐸𝐸,𝐸𝐸𝛿𝛿𝐸𝐸𝑦𝑦𝐸𝐸𝑐𝑐𝛿𝛿��∗� 𝑃𝑃𝑏𝑏𝐵𝐵𝐵𝐵𝑏𝑏𝑏𝑏𝑅𝑅𝑏𝑏𝑃𝑃𝑏𝑏𝐵𝐵𝐵𝐵𝑏𝑏𝑏𝑏𝑅𝑅𝑏𝑏+𝐶𝐶𝑃𝑃𝑏𝑏𝑅𝑅𝑀𝑀,𝑃𝑃𝐸𝐸𝐸𝐸�𝐸𝐸𝑏𝑏𝐵𝐵𝐵𝐵𝑏𝑏𝑏𝑏𝑅𝑅𝑏𝑏   (33)  
C.3 CULTIVATION AND HARVESTING: MISCANTHUS AND SWITCHGRASS 
BIOFEEDSTOCK 
Distributions for miscanthus yields were estimated based on values of dry yield reported in nine 
peer-reviewed studies and field trials spanning 20 different cultivation locations, see Table 63.  
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Table 63. Reported Growth Rates for Miscanthus Feedstock 
Location 
 
Year Age of Stand 
(yrs) 
Yield  
(dry Mg/ha) 
Source 
Dekalb, IL (north) 2004–2011 3–5  16.3 a,*Heaton et al. [207] 
Urbana, IL (central)  2004–2011  3–5  31.1 a,*Heaton et al. [207] 
Dixon Springs, IL (south) 2004–2011 3–5  30 a,*Heaton et al. [207] 
Booneville, AK  2005 2 5.9 
*Adapted from Burner et al. 
[244] 
Troy, KS  2007 2 13.7 b,*Propheter et al. [245] 
Manhattan, KS  2007 2 11.8 b,*Propheter et al. [245] 
Gainesville, FL 2009 2 6.2 *Sollenberger et al.  
Ona, FL  2009 2 4.5 *Sollenberger et al. 
Belle Glade, FL  2009 2 10.8 *Sollenberger et al. 
Urbana, IL 2009–2011  2–4  13.1 c,*Maughan et al. [221] 
Lexington, KY  2009–2011  2–4  18.4 c,*Maughan et al. [221] 
Mead, NE  2009–2011  2–4  24.7 c,*Maughan et al. [221] 
Adelphia, NJ 2009–2011  2–4  15.1 c,*Maughan et al. [221] 
Gretna, VA  2011 2 9.4 c,*Maughan et al. [221] 
Valle Crucis, NC 2014 2 16.95 Teat et al. [246] 
Mills River, NC 2014 2 15.57 Teat et al. [246] 
Urbana, IL 2012 2 15.9 +Behnke et al. [219] 
Mills River, NC 2014 3-4 17.7-19.0 (avg 18.35) +Palmer et al. [222] 
Wallace, NC 2014 3-4 20.3-21.3 (avg 20.8) +Palmer et al. [222] 
Burneyville, OK 2012 3 6.0 +Kering et al. [220]   
*Adopted from ref [217] 
+Adopted from ref [246] 
aYields are the average of four replicates at each site. Miscanthus giganteus was not fertilized. Yield averages include unpublished 2007–2011 
production 
bVariably fertilized in both 2007 and 2008 
cYields are the average of plots treated with three nitrogen levels (0, 60, 120 kg N ha-1year-1 ) at each site. Yield averages include unpublished 
2011 production 
 
Table 64. Fertilizer Application Rates for Miscanthus 
 Units DEFRA (2001)[392] 
Christian et al. 
(2008)[215] 
Styles et al. 
(2008)[393] 
Smeets et al. 
(2009)[394] 
Fazio et al. 
(2011)[395] 
N g dry-ton-1 3,857 3,322 4,093 2,630 3,681 
P  g dry-ton-1 482 276 815 526 581 
K  g dry-ton-1 4,163 3,883 4,093 5,697 2,939 
 
Probability distribution functions for switchgrass yields were developed based on the 
Global Switchgrass database [227], which contains over 1190 observations from 39 field trials 
conducted across the United States [[228-243]. 
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Table 65. Fertilizer Application Rates for Switchgrass 
 
Units Guretzky et al. (2011)[347] 
Bai et al. 
(2010)[396] 
Parrish and 
Fike 
(2005)[397] 
N g dry-ton-1 8,000 7,700 6,300 
P  g dry-ton-1 50 150 0 
K  g dry-ton-1 200 300 0 
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Table 66. Norms for diesel use in crop production (Dn) compared to values found in the referenced 
literature or monitored on private farms; data is representative of common farming practices 
 
Data used to generate this table was obtained from values reported in Dalgaard et al (2000) [248].   
 
 
 
Operation Unit Dn norm Literature 
   Low-High  
Tilling and sowing     
Ploughing (21 cm), spring L ha-1 20.0 8.4-32.7 
8.4-32.7 
1.8 
2.2-4.7 
4.9-16.8 
1.8 
0.9-21.6 
2.8-30.9 
Ploughing (21 cm), autumn L ha-1 23.0 
Soil Compactification L ha-1 2.0 
Seedbed harrowing, light L ha-1 4.0 
Seedbend harrowing, heavy L ha-1 6.0 
Rolling L ha-1 2.0 
Sowing L ha-1 3.0 
Stubble cultivation L ha-1 7.0 
     
Fertilizing and liming     
Spreading and loading manure L tonne-1 0.6 0.4-1.8 
Spreading slurry L tonne-1 0.3 0.2-1.1 
0.9-4.7 Spreading fertilizer L ha-1 2.0 
Liming L ha-1year-1 1.5   
     
Plant protection     
Pesticide spraying L ha-1 1.5 0.8-1.7 
1.5-2.4 
3.0-4.9 
Weed Harrowing L ha-1 2.0 
Row Listing L ha-1 3.0 
     
Harvesting and Baling     
Combine harvesting L ha-1 14.0 7.0-19.0 
8.4-22.0 
7.8-21.0 
5.3-10.4 
1.3-1.7 
Sugar beet harvesting L ha-1 17.0 
Cutting, sugar beet top L ha-1 10.0 
Mowing L ha-1 5.0 
Baling (high pressure) + 
handling 
L tonne-1 1.5+0.5 
Mowing L tonne-1 0.5 0.3-0.9 
0.7-2.1 Stalk breaking L tonne-1 +0.2 
Chopping L tonne-1 1.0 
     
Transport     
Machine transport L km-1 0.04 0.3-0.4 
Manure and fodder transport L tonne-1 km-1 0.2 0.1-0.5 
     
Loading and Handling     
Loading L tonne-1 0.3 0.1-0.5 
0.3-1.1 
0.1-0.4 
Loading and handling L tonne-1 0.5 
Feeding L tonne-1 0.3 
Other handling L tonne-1 0.5 
Handling (total average) L tonne-1 1.3 0.3-3.8 
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Table 67. Machinery used during cultivation of perennial grasses and resulting diesel fuel consumption 
Parameter Unit Frequency/year Miscanthus (Years) 
Switchgrass 
(Years) 
Diesel Use 
(min, max) 
Most 
Likely Ref 
Ploughing L diesel/ha 1 1 1 (8.4, 32.7) 23.0 ref[248] 
Harrowing (Heavy) L diesel/ha 2 1 1 (4.9, 16.8) 6 ref[248] 
Soil Compactification L diesel/ha 1 1 1 (1.8, 2) - ref[248] 
Stubble Conversion L diesel/ha 1 3-15 3-10 (2.8, 30.9) 7 ref[248] 
Rhizome/Seedling 
planting 
L diesel/ha 1 1 1 - 22 ref[394] 
Rolling L diesel/ha 1 1 1 (1.8, 2) - ref[248] 
Herbicide Application L diesel/ha 1 1, 2 1, 2 (0.8, 1.7) 1.5 ref[248] 
Spreading Fertilizer L diesel/ha 1 3-15 3-10 (0.9, 4.7) 2 ref[248] 
Weed Harrowing L diesel/ha 1 1, 2 1, 2 (1.5, 2.4) 2 ref[248] 
Residue removal L diesel/ha 2 15 10 - 35.2 ref[394] 
 
 
Table 68. Diesel consumption for harvesting equipment 
Equipment Units Diesel Consumption (Min, Max); Avg References 
Windrow w/ disc header L diesel/dry- tonne 1.1 ref[223] 
Tractor and Baler L diesel/dry- tonne 2.1 ref[223] 
Stacker L diesel/dry- tonne 0.5 ref[248] 
Handling (total average) L diesel/dry- tonne (0.3-3.8); 1.3 ref[248] 
 
 
Table 69. Field Efficiency (%) 
Parameters (Min, Max); Avg Reference 
Field Efficiency: Windrower (%) (75, 90); 80 ref[223] 
Field Efficiency: Baler (%) (70, 90); 80 ref[223] 
 
PDFs for direct volatilization of N fertilizer (i.e. N2O conversion rates) were estimated 
based on 59 trials conducted on various agricultural lands [398-424], and provided in Table 70.  
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Table 70. Direct Nitrogen Volatilization Rates (%) 
  N2O Conversion Rate (%) Measurement Year(s) Reference 
0.52 2005 and 2006 Halvorson et al. 2008 
0.45 2005 and 2006 Halvorson et al. 2008 
0.75 2005 and 2006 Halvorson et al. 2008 
0.90 Prior to 2001 Bouwman et al. 2002 
6.60 2004-2006 Chantigny et al. 2010 
0.40 2004-2006 Chantigny et al. 2010 
0.83 2007-2008 Halvorson et al. 2010 
0.85 2007-2008 Halvorson et al. 2010 
0.14 2007-2008 Halvorson et al. 2010 
0.33 2007-2008 Halvorson et al. 2010 
0.06 2007 Halvorson et al. 2010 
0.09 2008 Halvorson et al. 2010 
0.21 2007 Halvorson et al. 2010 
0.26 2008 Halvorson et al. 2010 
0.32 2007 Halvorson et al. 2010 
0.09 2008 Halvorson et al. 2010 
0.41 2007 Halvorson et al. 2010 
0.26 2008 Halvorson et al. 2010 
1.02 2000-2001 Wagner-Riddle et al. 2007 
0.73 2003-2004 Wagner-Riddle et al. 2007 
0.14 2008 Venterea et al. 2011 
0.17 2009 Venterea et al. 2011 
0.42 2010 Venterea et al. 2011 
0.69 2002-2006 Del Grosso et al. 2008 
0.63 2002-2006 Del Grosso et al. 2008 
0.34 2009 Halvorson et al. 2011 
0.51 2010 Halvorson et al. 2011 
0.20 2007 Halvorson et al. 2010 
0.16 2008 Halvorson et al. 2010 
0.69 2009-2010 Halvorson and Del Grosso 
2012 
0.21 2009-2010 Halvorson and Del Grosso 
2012 
0.26 2009-2010 Halvorson and Del Grosso 
2012 
0.38 2009-2010 Halvorson and Del Grosso 
2012 
0.91 2009 Sistani et al. 2011 
1.60 2009 Sistani et al. 2011 
2.60 2009 Sistani et al. 2011 
1.20 2009 Sistani et al. 2011 
2.80 2009 Sistani et al. 2011 
  234 
Table 70 (continued). 
3.20 2009 Sistani et al. 2011 
0.48 2010 Sistani et al. 2011 
0.36 2010 Sistani et al. 2011 
1.40 2010 Sistani et al. 2011 
0.40 2010 Sistani et al. 2011 
0.60 2010 Sistani et al. 2011 
0.058 2010 Sistani et al. 2011 
0.50 2005-2006 Haile-Mariam et al. 2008 
0.30 2005-2006 Haile-Mariam et al. 2008 
1.29 1979-1987 Eichner 1990 
0.77 Unspecified Skiba et al. 1996 
2.1 Unspecified Benckiser et al. 1996 
0.39 Unspecified Hutchinson et al. 1992 
6.8 Unspecified Williams et al. 1992 
1.25 Unspecified Mosier and Hutchinson. 1981 
1.0 Unspecified Qian et al. 1997 
0.95 Unspecified Vermoesen et al. 1996 
5 Unspecified Shepherd et al. 1991 
1.25 Unspecified Bounman et al. 1995 
0.36 Unspecified Mosier et al. 1986 
1.20 Unspecified Anderson et al. 1987 
 
Indirect N volatilization was developed based on estimates of soil nitrogen leaching and 
run-off rates as well as conversion rates of soil N to N2O as reported by the Intergovernmental 
Panel for Climate Change (IPCC) [247] and are provided in Table 71. 
 
Table 71. Indirect Nitrogen Volatilization Rates (%) 
Parameters Min Max Most Likely 
Soil Nitrogen Volatilization Rate (%) 3% 30% 10% 
Leaching and runoff rate of soil nitrogen (%) 10% 80% 30% 
The conversion rate of leached and runoff nitrogen to N in N2O (%) 0.05% 2.5% 0.75% 
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C.4  MISCANTHUS AND SWITCHGRASS BIOFEEDSTOCK AND BIOCHAR 
COMPOSITION 
Table 72. Switchgrass and Miscanthus Composition 
Biofeedstock Hemicellulose  (wt %) 
Cellulose  
(wt %) 
Lignin  
(wt %) 
Acid Detergent 
Lignin (wt %) 
Crude Protein  
(wt %) 
Ash  
(wt %) Total Ref 
Switchgrass 28.45 37.25 19.05 6.35 3.05 5.85 100 ref[425] 
Miscanthus 25.76 52.13 12.58 - - 2.74 93.21 ref[198] 
 
Table 73. Proximate and Ultimate Analysis of Switchgrass and Miscanthus biofeedstocks 
 Proximate Analysis (% Dry Basis) Ultimate Analysis (% DAF)  
Biofeedstock VM FC Ash MC Total C H O N S Total Ref 
Switchgrass  80.4 14.5 5.1 0 100 49.70 6.10 43.40 0.70 0.10 100.00 ref* 
Miscanthus  81.2 15.8 3 0 100 49.20 6.00 44.20 0.45 0.15 100.00 ref*    
*Data Obtained from the Phyllis2 database[426] 
 
Table 74. Composition of Switchgrass and Miscanthus Biochars produced via fast pyrolysis at 500°C 
Biochar C (%) H (%) O (%) N (%) S (%) Ash (%) Total References 
Switchgrass1 63 3.7 6.6 0.8 0 25.9 100 ref[42] 
Switchgrass2 85.0 5.0 8.9 1.1 0.0 0 100 Calculation 
Miscanthus2 86.4 2.7 10.41 0.4 0.09 0 100 ref[427] 
1Values are reported on As Received (AS) basis 
2Values are reported on a Dry, Ash Free (DAF) basis 
C.5 PRETREATMENT: CHOPPING AND GRINDING 
The specific energy requirement for grinding/chopping [251] of switchgrass or miscanthus at 
15% moisture content is represented via equation 34, and it is assumed that the electricity would 
be utilized to operate the machinery. 
 E =  aX−b     (34)  
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Where E = specific energy requirement (kJ/kg-dry biomass), X = aperture size (mm). A 
screen size of 3mm was chosen for the analysis, and it was assumed that the grinding/chopping 
energy is provided via electricity. Regression coefficient were taken from Miao et al. [251] and 
are provided in Table 75. 
 
Table 75. Key Parameters for Grinding and Chopping of Switchgrass and Miscanthus Feedstock 
Feedstock Regression 
Coefficient (a) 
Regression 
Coefficient (b) 
Specific Energy Consumption 
(kJ/kg-dry biomass) 
Miscanthus at 15% MC 1447 -1.191 391 
Switchgrass at 15% MC 1364 -1.103 406 
C.6 PRODUCT DISTRIBUTION: FAST PYROLYSIS 
Table 76. Primary pyrolysis product distribution resulting from hemicellulose pyrolysis at 500°C 
Compound Average* (%w/w) Standard Deviation* 
Carbon Monoxide 2.8 0.1 
Carbon Dioxide 18.8 0.2 
Acetaldehyde  0.7 0.1 
Formic Acid  11.0 0.3 
2-methyl furan  1.5 0.1 
Acetic acid  1.1 0.1 
Acetol  3.0 0.1 
2-furaldehyde  2.2 0.1 
DAXP 1  1.6 0.1 
DAXP 2  7.0 0.1 
Other DAXP  0.6 0.1 
AXP  2.0 0.1 
Other AXP  1.4 0.2 
Char  10.7 0.5 
Xylose  4.9 1.1 
Water 15.1 - 
Total  84.3 - 
*Four pyrolysis runs. 
Adapted from ref[38, 39] 
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Table 77. Primary pyrolysis product distribution resulting from cellulose pyrolysis at 500°C 
Compound Average* (%w/w) Standard Deviation* 
Formic Acid 6.6 0.23 
Furan/Acetone 0.7 0.01 
Glycolaldehyde 6.7 0.72 
Acetic acid 0.0 0.00 
2-Methyl furan 0.4 0.01 
Acetol 0.3 0.02 
2-Furaldehyde 1.3 0.05 
2-Furan methanol 0.5 0.03 
3-Furan methanol 0.3 0.00 
5-Methyl furfural 0.2 0.02 
2-Hydroxy-3-methyl cyclopenten-1-one 0.2 0.01 
Levoglucosenone 0.4 0.03 
5-Hydroxymethyl furfural 2.8 0.18 
Anhydro xylopyranose 3.0 0.66 
Levoglucosan – pyranose 58.8 0.27 
Levoglucosan – furanose 4.1 0.09 
Other Anhydro Sugars 1.4 0.04 
Char 5.4 1.21 
Total 92.9 2.75 
*Four pyrolysis runs. 
Adapted from ref[38, 39] 
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Table 78. Primary pyrolysis product distribution resulting from lignin pyrolysis at 500°C 
Compound Average* (%w/w) Standard Deviation* 
Carbon Monoxide 1.8 0.10 
Carbon Dioxide 15.2 0.37 
Acetaldehyde  0.9 0.00 
Formic acid/Acetone1  0.7 0.03 
2-methyl furan  0.1 0.03 
Acetic acid  11.5 0.87 
2-furaldehyde 0.2 0.01 
Phenol  1.9 0.08 
2-methoxy phenol  0.9 0.02 
2-methyl phenol  0.1 0.00 
4-methyl phenol  0.6 0.04 
2-methoxy-4-methyl phenol  0.7 0.02 
3,5-dimethyl phenol  0.1 0.00 
3-ethyl phenol  0.6 0.03 
4-ethyl-2-methoxy phenol  0.4 0.02 
4-vinyl phenol  3.5 0.15 
2-methoxy-4-vinyl phenol  1.8 0.03 
Unidentified (Mol. Wt. 114)  1.4 0.32 
2,6-dimethoxy phenol  1.0 0.05 
2-methoxy-4-(1-propenyl)-phenol (Euginol)  0.2 0.00 
4-methyl-2,6-dimethoxyphenol  0.8 0.03 
3,5-dimethoxy-4-hydroxy benzaldehyde  0.4 0.02 
3‘,4‘-dimethoxy acetophenone  0.8 0.03 
4-allyl-2,6-dimethoxyphenol  0.2 0.00 
4-allyl-2,5-dimethoxyphenol  0.3 0.00 
3‘,5‘-dimethoxy-4‘-hydroxy acetophenone  0.3 0.01 
Sinapyl alcohol  0.7 0.03 
Unidentified (Mol. Wt. 280)  0.4 0.00 
Char  37.0 0.22 
Total  84.5 1.36 
*Four pyrolysis runs. 
1Assumed to be Formic Acid 
Adapted from ref[38, 39] 
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Table 79. Product distribution resulting from fast pyrolysis at 500°C in increasing carbon number 
Component Model Compounds Fast Pyrolysis Yield (wt. %) 
 Compounds Hemicellulose Cellulose Lignin 
Biochar (Dry, Ash-free) N/A1 10.7 5.4 37 
Water  H2O 15.1 0 0 
Formic acid CH2O2 11 6.6 0.7 
Carbon Monoxide CO 2.8 0 1.8 
Carbon Dioxide CO2 18.8 0 15.2 
Glycolaldehyde C2H4O2 0 6.7 0 
Acetic acid  C2H4O2 1.1 0 11.5 
Acetaldehyde  C2H4O 0.7 0 0.9 
Acetol  C3H6O2 3 0.3 0 
Furan C4H4O 0 0.7 0 
Xylose  C5H10O5 4.9 0 0 
Anhydro xylopyranose C5H8O4 0 3 0 
AXP  C5H8O4 2 0 0 
Other AXP C5H8O4 1.4 0 0 
Other Anhydro Sugars  C5H8O4 0 1.4 0 
2-Furan methanol  C5H6O2 0 0.5 0 
3-Furan methanol C5H6O2 0 0.3 0 
2-Furaldehyde  C5H4O2 2.2 1.3 0.2 
2-methyl furan  C5H6O 1.5 0.4 0.1 
Levoglucosan – pyranose C6H10O5 0 58.8 0 
Levoglucosan – furanose  C6H10O5 0 4.1 0 
DAXP 1 C6H8O4 1.6 0 0 
DAXP 2  C6H8O4 7 0 0 
Other DAXP  C6H8O4 0.6 0 0 
5-Hydroxymethyl furfural  C6H6O3 0 2.8 0 
Levoglucosenone  C6H6O3 0 0.4 0 
2-Hydroxy-3-methyl cyclopenten-1-one  C6H8O2 0 0.2 0 
5-Methyl furfural  C6H6O2 0 0.2 0 
Phenol  C6H6O 0 0 1.9 
2-methyl phenol  C7H8O 0 0 0.1 
4-methyl phenol  C7H8O 0 0 0.6 
2-methoxy phenol C7H8O2 0 0 0.9 
2,6-dimethoxy phenol  C8H10O3 0 0 1 
2-methoxy-4-(1-propenyl)-phenol  C8H10O2 0 0 0.2 
2-methoxy-4-methyl phenol  C8H10O2 0 0 0.7 
3-ethyl phenol  C8H10O 0 0 0.6 
3,5-dimethyl phenol  C8H10O 0 0 0.1 
4-vinyl phenol C8H8O 0 0 3.5 
3,5-dimethoxy-4-hydroxy benzaldehyde  C9H10O4 0 0 0.4 
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Table 79 (continued). 
2-methoxy-4-vinyl phenol  C9H10O2 0 0 1.8 
4-ethyl-2-methoxy phenol  C9H12O2 0 0 0.4 
4-methyl-2,6-dimethoxyphenol  C9H12O3 0 0 0.8 
3‘,4‘-dimethoxy acetophenone  C10H12O3 0 0 0.8 
3‘,5‘-dimethoxy-4‘-hydroxy acetophenone  C10H12O4 0 0 0.3 
4-allyl-2,6-dimethoxyphenol  C11H14O3 0 0 0.2 
4-allyl-2,5-dimethoxyphenol2  C11H14O3 0 0 0.3 
Sinapyl alcohol  C11H14O4 0 0 0.7 
Unidentified compounds were removed from the analysis 
C.7 PRODUCT DISTRIBUTION: FAST PYROLYSIS 
This work models hydrodeoxygenation (HDO) of bio-oil formed via fast pyrolysis. In HDO, 
hydrogen is used to remove oxygen from model bio-oil compounds to form renewable fuel 
compounds as well as water. The analytic framework used in this study assumes that renewable 
fuel compounds formed via HDO retain the same carbon number as it’s preceding bio-oil 
compound, and ignores any complex C-C coupling interactions between compounds. Table 80 
shows the mapping between bio-oil compounds and their hydroprocessed product. For example, 
in catalytic HDO formic acid (CH2O2) is converted to methane (CH4). Loss of biofuel due to 
coking was considered in the analysis, and was based on experimental results provided in ref 
[428], see Table 81. 
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Table 80. Hydrodeoxygenation of Bio-Oil 
Bio-Oil Compound Molecular 
Formula 
Hydroprocessed 
Product 
Molecular 
Formula 
Formic acid CH2O2 Methane CH4 
Glycolaldehyde C2H4O2 Ethane C2H6 
Acetic acid  C2H4O2 Ethane C2H6 
Acetaldehyde  C2H4O Ethane C2H6 
Acetol  C3H6O2 Propane C3H8 
Furan C4H4O Butane C4H10 
Xylose  C5H10O5 Cyclopentane C5H10 
Anhydro xylopyranose C5H8O4 Cyclopentane C5H10 
AXP  C5H8O4 Cyclopentane C5H10 
Other AXP C5H8O4 Cyclopentane C5H10 
Other Anhydro Sugars  C5H8O4 Cyclopentane C5H10 
2-Furan methanol  C5H6O2 Cyclopentane C5H10 
3-Furan methanol C5H6O2 Cyclopentane C5H10 
2-Furaldehyde  C5H4O2 Cyclopentane C5H10 
2-methyl furan  C5H6O Cyclopentane C5H10 
Levoglucosan – pyranose C6H10O5 Cyclohexane C6H12 
Levoglucosan – furanose  C6H10O5 Cyclohexane C6H12 
DAXP 1 C6H8O4 Cyclohexane C6H12 
DAXP 2  C6H8O4 Cyclohexane C6H12 
Other DAXP  C6H8O4 Cyclohexane C6H12 
5-Hydroxymethyl furfural  C6H6O3 Benzene C6H6 
Levoglucosenone  C6H6O3 Benzene C6H6 
2-Hydroxy-3-methyl cyclopenten-1-
one  
C6H8O2 Cyclohexane C6H12 
5-Methyl furfural  C6H6O2 Benzene C6H6 
Phenol  C6H6O Benzene C6H6 
2-methyl phenol C7H8O Toluene C7H8 
4-methyl phenol C7H8O Toluene C7H8 
2-methoxy phenol C7H8O2 Toluene C7H8 
2,6-dimethoxy phenol  C8H10O3 Xylene C8H10 
2-methoxy-4-(1-propenyl)-phenol  C8H10O2 Xylene C8H10 
2-methoxy-4-methyl phenol C8H10O2 Xylene C8H10 
3-ethyl phenol  C8H10O Xylene C8H10 
3,5-dimethyl phenol  C8H10O Xylene C8H10 
4-vinyl phenol C8H8O Xylene C8H10 
3,5-dimethoxy-4-hydroxy 
benzaldehyde  
C9H10O4 Indane C9H10 
2-methoxy-4-vinyl phenol  C9H10O2 Indane C9H10 
4-ethyl-2-methoxy phenol  C9H12O2 Cumene C9H12 
4-methyl-2,6-dimethoxyphenol  C9H12O3 Cumene C9H12 
3‘,4‘-dimethoxy acetophenone  C10H12O3 Cymene C10H12 
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Table 80 (continued). 
3‘,5‘-dimethoxy-4‘-hydroxy 
acetophenone  
C10H12O4 Cymene C10H12 
4-allyl-2,6-dimethoxyphenol  C11H14O3 N-Pentylbenzene C11H16 
4-allyl-2,5-dimethoxyphenol2  C11H14O3 N-Pentylbenzene C11H16 
Sinapyl alcohol  C11H14O4 N-Pentylbenzene C11H16 
 
Table 81. Coke formation in hydro-upgrading of bio-oil products 
Run Number Char/Coke Formation (% w/w) 
Ru1 9.1 
Ru2 8.4 
Ru3 9.6 
Ru4 9.1 
Ru5 10.4 
Ru6 7.9 
Ru7 13.0 
Ru8 14.0 
Ru9 9.0 
Pt1 10.3 
Pt2 14.9 
Pt3 12.8 
Pt4 7.2 
Pt5 6.2 
Pt6 11.5 
Pt7 8.7 
Pt8 6.1 
Pt9 7.7 
 
A high hydrogen pressure is considered in catalytic HDO for, “ensuring a higher 
solubility of hydrogen in the oil and thereby a higher availability of hydrogen in the vicinity of 
the catalyst. This increases the reaction rate and further decreases coking in the reactor”, see 
reference [429]. An overview of HDO catalysts and operating conditions from prior bio-oil 
and/or model compound studies are provided in Table 82. Literature review reveals that the 
hydrogen pressure commonly used in catalytic HDO ranges from 80 to 300 bar (~1160 to 4351 
psig). Prior studies from PNNL report that a pressure of 2000 psig is required for 
hydroprocessing of bio-oil compounds [268], which is within the range of prior reported values 
and thus was used as the basis for this study. 
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Table 82. Overview of HDO catalysts and operating conditions 
Catalyst Feed Pressure (Bar) Pressure (Psig) T (oC) Ref # 
Co-MoS2/Al2O3 Bio-Oil 200 2901 350 Ref[430] 
Co-MoS2/Al2O3 Bio-Oil 300 4351 370 Ref[431] 
Ni-MoS2/Al2O3 Bio-Oil 200 2901 350 Ref[430] 
Ni-MoS2/Al2O3 Bio-Oil 85 1233 400 Ref[432] 
Pd/C Bio-Oil 200 2901 350 Ref[430] 
Pd/C Bio-Oil 140 2031 340 Ref[40] 
Pd/ZrO2 Guaiacol 80 1160 300 Ref[433] 
Pd/Al2O3/SiO2 Bio-Oil 85 1233 400 Ref[432] 
Pt/ZrO2 Guaiacol 80 1160 300 Ref[433] 
Rh/ZrO2 Guaiacol 80 1160 300 Ref[433] 
Ru/Al2O3 Bio-Oil 200 2901 350 Ref[430] 
Ru/C Bio-Oil 230 3336 350-400 Ref[434] 
Ru/C Bio-Oil 200 2901 350 Ref[430] 
Ru/TiO2 Bio-Oil 200 2901 350 Ref[430] 
Pd/Re Bio-Oil 105 1523 350 Ref[435] 
Ru/Pd Bio-Oil 121 1755 370 Ref[435] 
Rd/Pd Bio-Oil 121 1755 370 Ref[435] 
CoMo Bio-Oil 104 1508 400 Ref[435] 
CoMo Bio-Oil 125 1813 400 Ref[435] 
FeW/Si-Al Bio-Oil 103 1500 300-375 Ref[436] 
CoMo/γ-Al2O3 Bio-Oil 103 1500 300-375 Ref[436] 
Fe-Cr mixed oxide Bio-Oil 103 1500 300-375 Ref[436] 
Ru/Al2O3 & B: Ni/Si-Al Bio-Oil 103 1500 300-375 Ref[436] 
Data used to generate this table was obtained from values reported in Mortensen et al. 2011[429], Elliot et al. 2015[435], and Parapati et al. 
2014[436].   
C.8 ESTIMATION OF BIOMASS AND BIOCHAR/ASH HIGHER HEATING VALUE 
The higher heating values (HHV) for switchgrass and miscanthus biochar/ash are estimated to be 
23.81 and 24.22 MJ/kg, respectively; see Table 83. The HHVs are constructed based on 
correlations provided in Channiwala and Parikh [252], see equation 35. 
 
𝑯𝑯𝑯𝑯𝑯𝑯 (𝑴𝑴𝑴𝑴
𝒌𝒌𝑻𝑻
) = 𝟎𝟎.𝟓𝟓𝟑𝟑𝟑𝟑𝟕𝟕 ∗ [𝑪𝑪%] + 𝟕𝟕.𝟕𝟕𝟕𝟕𝟏𝟏𝟓𝟓 ∗ [𝑯𝑯%] + 𝟎𝟎.𝟕𝟕𝟎𝟎𝟓𝟓 ∗ [𝑺𝑺%]− 𝟎𝟎.𝟕𝟕𝟎𝟎𝟓𝟓𝟑𝟑 ∗ [𝑶𝑶%] − 𝟎𝟎.𝟎𝟎𝟕𝟕𝟓𝟓𝟕𝟕 ∗ [𝑵𝑵%] − 𝟎𝟎.𝟎𝟎𝟐𝟐𝟕𝟕𝟕𝟕 ∗ [𝑨𝑨%] (35)      
 
Where C%, H%, O%, N%, S%, A% represent the carbon, hydrogen, oxygen, nitrogen, 
sulfur, and ash content respectively, expressed in mass percentages on a dry basis.   
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Table 83. Estimation of Biomass and Biochar/Ash Higher Heating Value 
Parameter C H O N S Ash HHV (MJ/kg) 
SWG Feedstock Dry Basis (kg/hr) 39304.42 4824.08 34322.17 553.58 79.08 4250.00 - 
SWG Elemental Fraction (%) 47.17 5.79 41.19 0.66 0.09 5.10 18.58 
MSC Feedstock Dry Basis (kg/hr) 39770.00 4850.00 35728.33 363.75 121.25 2500.00 - 
MSC Elemental Fraction (%) 47.724 5.82 42.874 0.4365 0.1455 3 18.69 
SWG Biochar/Ash Dry Basis (kg/hr) 9718.18 570.75 1018.09 123.41 0.00 4250.00 - 
SWG Elemental Fraction (%) 61.98 3.64 6.49 0.79 0.00 27.10 24.22 
MSC Biochar/Ash Dry Basis (kg/hr) 7141.8 223.2 860.5 33.1 7.4 2500.0 - 
MSC Elemental Fraction (%) 66.3 2.1 8.0 0.3 0.1 23.2 23.8 
SWG: Switchgrass; MSC: Miscanthus 
C.9 FAST PYROLYSIS OF SWITCHGRASS AND CATALYTIC UPGRADING OF 
BIO-OIL TO FUEL 
Table 84. Switchgrass: Fast Pyrolysis Production Distribution 
Parameter Mass Flow (kg/hr) Mass Fraction (%) Carbon Flow  (kg/hr) Carbon Fraction (%) 
Bio-Oil (wet basis) 49594.65 55.35 18249.82 46.43 
Bio-Oil (dry) 39924.86 44.56 18249.82 46.43 
Water 9669.78 10.79 0.00 0.00 
Biochar & Ash 15680.43 17.50 9718.18 24.73 
Gases 24330.66 27.15 11336.33 28.84 
Total 89605.73 100.00 39304.33 100.00   
Table 85. Switchgrass: HDO derived Renewable Fuels 
Component Model 
Compound 
Mass Flow 
(kg/hr) 
LHV 
(MJ/kg) 
Energy Flow 
(MJ/hr) 
Methane CH4 1589.34 50.01 79481.54 
Ethane C2H6 2499.77 47.79 119473.90 
Propane C3H8 454.39 46.36 21064.11 
Butane C4H8 176.06 45.75 8055.28 
Cyclopentane C5H10 2853.91 44.64 127387.07 
Cyclohexane C6H12 10870.66 43.45 472330.29 
Benzene C6H6 942.45 40.17 37858.40 
Toluene C7H8 253.99 40.59 10309.20 
Xylene C8H10 1020.67 40.80 41641.16 
Indane C9H10 336.65 41.00 13802.61 
Cumene C9H12 178.29 41.22 7348.67 
Cymene C10H14 160.92 41.45 6670.23 
N-Pentylbenzene C11H16 175.81 41.66 7323.67 
Total N/A 21512.92 N/A 952746.13 
Not adjusted for loss of biofuel due to coking  
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Table 86. Switchgrass: HDO Renewable Fuel Product Distribution 
Parameter Mass Flow 
(kg/hr) 
Mass Fraction 
(%) 
Carbon Flow 
(kg/hr) 
Carbon 
Fraction (%) 
Energy Flow 
(MJ/hr) 
Energy 
Fraction (%) 
C1 1589.34 7.39 1189.91 6.52 79481.54 8.34 
C2 2499.77 11.62 1997.00 10.94 119473.90 12.54 
C3 454.39 2.11 371.30 2.03 21064.11 2.21 
C4 176.06 0.82 145.53 0.80 8055.28 0.85 
C5 2853.91 13.27 2443.75 13.39 127387.07 13.37 
C6 11813.12 54.91 10177.83 55.77 510188.69 53.55 
C7 253.99 1.18 231.76 1.27 10309.20 1.08 
C8 1020.67 4.74 923.76 5.06 41641.16 4.37 
C9 514.94 2.39 468.29 2.57 21151.28 2.22 
C10 160.92 0.75 144.00 0.79 6670.23 0.70 
C11 175.81 0.82 156.69 0.86 7323.67 0.77 
Total 21512.92 100.00 18249.82 100.00 952746.13 100.00 
Not adjusted for loss of biofuel due to coking  
 
Table 87. Switchgrass: Fast Pyrolysis System Flows 
Inputs Model Compound Unit Value C  H O N S 
Switchgrass (DAF) N/A kg/hr 79083.33 39304.42 4824.08 34322.17 553.58 79.08 
Ash N/A kg/hr 4250.00 0.00 0.00 0.00 0.00 0.00 
Water (Moisture) H2O kg/hr 20833.33 0.00 2331.22 18502.12 0.00 0.00 
Hydrogen H2 kg/hr 3260.81 0.00 3260.81 0.00 0.00 0.00 
Total N/A kg/hr 107427.48 39304.42 10416.11 52824.28 553.58 79.08 
Outputs Model Compound Unit Value C H O N S 
Water (1st Stage 
Drying)  H2O kg/hr 6127.45 0.00 685.65 5441.80 0.00 0.00 
Water (2nd Stage 
Drying) H2O kg/hr 8433.48 0.00 943.69 7489.79 0.00 0.00 
Water (Decanter) H2O kg/hr 31342.54 0.00 3507.18 27835.36 0.00 0.00 
NCGs  N/A kg/hr 24330.66 11336.33 1445.77 11039.29 430.18 79.08 
Ash N/A kg/hr 4250.00 0.00 0.00 0.00 0.00 0.00 
Biochar N/A kg/hr 11430.43 9718.18 570.75 1018.09 123.41 0.00 
Renewable Fuel  
(C1 to C4) N/A kg/hr 4719.57 3703.74 1015.82 0.00 0.00 0.00 
Renewable Fuel 
(C5+) N/A kg/hr 16793.35 14546.08 2247.27 0.00 0.00 0.00 
Total N/A kg/hr 107427.48 39304.33 10416.14 52824.34 553.58 79.08 
Overall Mass and Elemental Balance 
Component Model Compound Unit Value C H O N S 
Difference  
(Outputs – Inputs) N/A kg/hr 0.00 -0.08 0.03 0.06 0.00 0.00 
Difference 
(Output/Input) N/A Unitless 1.00 1.00 1.00 1.00 1.00 1.00 
Not adjusted for loss of biofuel due to coking  
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Table 88. Switchgrass: Overview Product Distribution 
Parameter Mass Flow  
(kg/hr) 
Mass Fraction  
(%) 
Carbon Flow  
(kg/hr) 
Carbon Fraction  
(%) 
Renewable Fuel (C5+) 16793.35 27.30 14546.08 37.01 
Renewable Fuel (C1 to C4) 4719.57 7.67 3703.74 9.42 
Biochar & Ash 15680.43 25.49 9718.18 24.73 
Non Condensable Gases 24330.66 39.55 11336.33 28.84 
Total 61524.00 100.00 39304.33 100.00 
Not adjusted for loss of biofuel due to coking  
Table 89. Switchgrass: Energy Products 
Parameter Mass Flow (kg/hr) HHV (MJ/kg) Energy Flow (MJ/hr) Energy Flow (%) 
Renewable Fuel (C5+) 16793.35 43.15 724671.31 54.38 
Renewable Fuel (C1 to C4) 4719.57 48.33 228074.83 17.12 
Biochar & Ash 15680.43 24.22 379835.04 28.50 
Total 37193.35 N/A 1332581.18 100.00 
Not adjusted for loss of biofuel due to coking   
Table 90. Switchgrass: Pretreatment, Conversion, and Upgrading Utilities 
Parameter Unit Value 
Pretreatment (Grinding and Chopping) Electricity (MJ/hr) 33835.17 
Compressors Electricity (MJ/hr) 17986.42 
Pumps Electricity (MJ/hr) 925.51 
Net Heat Req. After Optimal Heat Exchange Network Heat (MJ/hr) 104231.81  
C.10 FAST PYROLYSIS OF MISCANTHUS AND CATALYTIC UPGRADING OF 
BIO-OIL TO FUEL 
Table 91. Miscanthus: Fast Pyrolysis Production Distribution 
Parameter Mass Flow (kg/hr) Mass Fraction (%) Carbon Flow  (kg/hr) Carbon Fraction (%) 
Bio-Oil (wet basis) 56994.86 63.61 21253.63 53.44 
Bio-Oil (dry) 47578.23 53.10 21253.63 53.44 
Water 9416.62 10.51 0.00 0.00 
Biochar & Ash 10765.97 12.01 7141.80 17.96 
Gases 21844.91 24.38 11374.51 28.60 
Total 89605.73 100.00 39769.93 100.00 
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Table 92. Miscanthus: HDO derived Renewable Fuels 
Component Model 
Compound 
Mass Flow 
(kg/hr) 
LHV 
(MJ/kg) 
Energy Flow 
(MJ/hr) 
Methane CH4 1792.56 50.01 89644.22 
Ethane C2H6 2275.86 47.79 108772.27 
Propane C3H8 447.09 46.36 20725.90 
Butane C4H8 251.85 45.75 11522.52 
Cyclopentane C5H10 3246.25 44.64 144899.56 
Cyclohexane C6H12 14939.41 43.45 649117.21 
Benzene C6H6 1055.36 40.17 42393.67 
Toluene C7H8 128.58 40.59 5218.88 
Xylene C8H10 516.70 40.80 21080.23 
Indane C9H10 170.42 41.00 6987.37 
Cumene C9H12 90.26 41.22 3720.16 
Cymene C10H14 81.46 41.45 3376.71 
N-Pentylbenzene C11H16 89.00 41.66 3707.50 
Total N/A 25084.79 N/A 1111166.19 
Not adjusted for loss of biofuel due to coking  
Table 93. Miscanthus: HDO Renewable Fuel Product Distribution 
Parameter Mass Flow 
(kg/hr) 
Mass Fraction 
(%) 
Carbon Flow 
(kg/hr) 
Carbon 
Fraction (%) 
Energy Flow 
(MJ/hr) 
Energy 
Fraction (%) 
C1 1792.56 7.15 1342.06 6.31 89644.22 8.07 
C2 2275.86 9.07 1818.12 8.55 108772.27 9.79 
C3 447.09 1.78 365.34 1.72 20725.90 1.87 
C4 251.85 1.00 208.17 0.98 11522.52 1.04 
C5 3246.25 12.94 2779.70 13.08 144899.56 13.04 
C6 15994.76 63.76 13765.98 64.77 691510.88 62.23 
C7 128.58 0.51 117.33 0.55 5218.88 0.47 
C8 516.70 2.06 467.64 2.20 21080.23 1.90 
C9 260.68 1.04 237.06 1.12 10707.52 0.96 
C10 81.46 0.32 72.90 0.34 3376.71 0.30 
C11 89.00 0.35 79.32 0.37 3707.50 0.33 
Total 25084.79 100.00 21253.63 100.00 1111166.19 100.00 
Not adjusted for loss of biofuel due to coking  
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Table 94. Miscanthus: Fast Pyrolysis System Flows 
Inputs Model Compound Unit Value C  H O N S 
Miscanthus (DAF) N/A kg/hr 80833.33 39770.00 4850.00 35728.33 363.75 121.25 
Ash N/A kg/hr 2500.00 0.00 0.00 0.00 0.00 0.00 
Water (Moisture) H2O kg/hr 20833.33 0.00 2331.22 18502.12 0.00 0.00 
Hydrogen H2 kg/hr 3915.84 0.00 3915.84 0.00 0.00 0.00 
Total N/A kg/hr 108082.51 39770.00 11097.06 54230.45 363.75 121.25 
Outputs Model Compound Unit Value C H O N S 
Water (1st Stage 
Drying)  H2O kg/hr 6127.45 0.00 685.65 5441.80 0.00 0.00 
Water (2nd Stage 
Drying) H2O kg/hr 8433.48 0.00 943.69 7489.79 0.00 0.00 
Water (Decanter) H2O kg/hr 35825.91 0.00 4008.86 31817.05 0.00 0.00 
NCGs  N/A kg/hr 21844.91 11374.51 1404.54 8621.37 330.69 113.81 
Ash N/A kg/hr 2500.00 0.00 0.00 0.00 0.00 0.00 
Biochar N/A kg/hr 8265.97 7141.80 223.18 860.49 33.06 7.44 
Renewable Fuel  
(C1 to C4) N/A kg/hr 4767.36 3733.69 1033.67 0.00 0.00 0.00 
Renewable Fuel 
(C5+) N/A kg/hr 20317.43 17519.93 2797.50 0.00 0.00 0.00 
Total N/A kg/hr 108082.51 39769.93 11097.09 54230.50 363.75 121.25 
Overall Mass and Elemental Balance 
Component Model Compound Unit Value C H O N S 
Difference  
(Outputs – Inputs) N/A kg/hr 0.00 -0.07 0.03 0.04 0.00 0.00 
Difference 
(Output/Input) N/A Unitless 1.00 1.00 1.00 1.00 1.00 1.00 
Not adjusted for loss of biofuel due to coking  
 
 
Table 95. Miscanthus: Overview Product Distribution 
Parameter Mass Flow  
(kg/hr) 
Mass Fraction  
(%) 
Carbon Flow  
(kg/hr) 
Carbon Fraction  
(%) 
Renewable Fuel (C5+) 20317.43 35.21 17519.93 44.05 
Renewable Fuel (C1 to C4) 4767.36 8.26 3733.69 9.39 
Biochar & Ash 10765.97 18.66 7141.80 17.96 
Non Condensable Gases 21844.91 37.86 11374.51 28.60 
Total 57695.67 100.00 39769.93 100.00 
Not adjusted for loss of biofuel due to coking  
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Table 96. Miscanthus: Energy Products 
Parameter Mass Flow (kg/hr) HHV (MJ/kg) Energy Flow (MJ/hr) Energy Flow (%) 
Renewable Fuel (C5+) 20317.43 43.34 880501.28 64.39 
Renewable Fuel (C1 to C4) 4767.36 48.38 230664.90 16.87 
Biochar & Ash 10765.97 23.81 256331.20 18.74 
Total 35850.76 N/A 1367497.39 100.00 
Not adjusted for loss of biofuel due to coking 
 
Table 97. Miscanthus: Pretreatment, Conversion, and Upgrading Utilities 
Parameter Unit Value 
Pretreatment (Grinding and Chopping) Electricity (MJ/hr) 32586.36 
Compressors Electricity (MJ/hr) 19382.38 
Pumps Electricity (MJ/hr) 892.99 
Net Heat Req. After Optimal Heat Exchange Network Heat (MJ/hr) 101505.51 
 
 
The results of this work indicate that biofuel produced via fast pyrolysis and catalytic 
upgrading of perennial grasses has a product distribution ranging from C5 to C11 in carbon 
number, with the majority of the fuel comprised of C6 products. Petroleum gasoline typically 
contains compounds ranging from C5-C12 in carbon number, while petroleum diesel typically 
contains compounds ranging from C10 to C28 in carbon number. Based on carbon distribution, 
this work finds that renewable fuel derived via fast pyrolysis is primarily in the gasoline range. 
The ratio of C5+ biofuel energy produced to input bioenergy (i.e. HHVbiomass x Massbiomass) 
provides a useful measure of the energy efficiency of the system. After accounting for biofuel 
loss due to coking, the ratio of C5+ biofuel energy produced to bioenergy input is on average 
51.0% for miscanthus and 41.3% for switchgrass.  
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C.11 LIFE CYCLE DATA ACQUISITION  
Table 98 provides an overview of life cycle data sources and life cycle impact assessment 
(LCIA) methods used in this study. As catalyst production relies on propriety technologies, open 
source and/or commercial life cycle inventory data for catalyst production is scarce. Due to the 
lack of available life cycle data for commercial hydroprocessing catalysts, it is assumed that the 
life cycle impacts for hydroprocessing catalysts can be represented via a zeolite product from the 
Ecoinvent database. This assumption is consistent with several prior studies; see references [203, 
268]. Future work should consider the impact of hydropocessing catalysts (i,e, CoMo, NiMo, 
etc.), as life cycle data for commercial catalysts becomes available.  
 
Table 98. Life Cycle Data Sources 
Material or Process Description Unit Database Method C.I. N 
Urea, as N, at regional storehouse/RER U kg Ecoinvent IPCC 2007 GWP 100a V1.02 95% 10,000 
Urea, as N, at regional storehouse/RER U kg Ecoinvent Cumulative Energy Demand V 1.08 95% 10,000 
Triple Superphospate, as P2O5, at regional storehouse/RER 
U 
kg Ecoinvent IPCC 2007 GWP 100a V1.02 95% 10,000 
Triple Superphospate, as P2O5, at regional storehouse/RER 
U 
kg Ecoinvent Cumulative Energy Demand V 1.08 95% 10,000 
Potassium Sulphate, as K2O, at regional storehouse/RER U kg Ecoinvent IPCC 2007 GWP 100a V1.02 95% 10,000 
Potassium Sulphate, as K2O, at regional storehouse/RER U kg Ecoinvent Cumulative Energy Demand V 1.08 95% 10,000 
Glyphosate, at regional storehouse/RER U kg Ecoinvent IPCC 2007 GWP 100a V1.02 95% 10,000 
Glyphosate, at regional storehouse/RER U kg Ecoinvent Cumulative Energy Demand V 1.08 95% 10,000 
Diesel, at regional storage/RER U kg Ecoinvent IPCC 2007 GWP 100a V1.02 95% 10,000 
Diesel, at regional storage/RER U kg Ecoinvent Cumulative Energy Demand V 1.08 95% 10,000 
Transport, Lorry 3.5-16t, fleet average/RER U tkm Ecoinvent IPCC 2007 GWP 100a V1.02 95% 10,000 
Transport, Lorry 3.5-16t, fleet average/RER U tkm Ecoinvent Cumulative Energy Demand V 1.08 95% 10,000 
Electricity Production Mix US/US U   MJ Ecoinvent IPCC 2007 GWP 100a V1.02 95% 10,000 
Electricity Production Mix US/US U   MJ Ecoinvent Cumulative Energy Demand V 1.08 95% 10,000 
Zeolite, powder, at plant/RER S kg Ecoinvent IPCC 2007 GWP 100a V1.02 N/A N/A 
Zeolite, powder, at plant/RER S kg Ecoinvent Cumulative Energy Demand V 1.08 N/A N/A 
Hydrogen (reformer) E kg Industry data 2.0 IPCC 2007 GWP 100a V1.02 N/A N/A 
Hydrogen (reformer) E kg Industry data 2.0 Cumulative Energy Demand V 1.08 N/A N/A 
Heat, natural gas, at industrial furnace >100 kW/RER U MJ Ecoinvent IPCC 2007 GWP 100a V1.02 95% 10,000 
Heat, natural gas, at industrial furnace >100 kW/RER U MJ Ecoinvent Cumulative Energy Demand V 1.08 95% 10,000 
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C.12 OVERVIEW OF KEY PARAMETERS AND DISTRIBUTIONS 
Anderson-Darling statistical tests were performed to determine the distribution type and 
parameters that best fit the sample data. All relevant and/or possible families of distributions are 
considered including: normal, triangular, lognormal, weibull, gamma, extreme value, 
exponential, and loglogistic. 
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Table 99. Overview of key parameters and probability distributions 
Parameter Unit Distribution Location Shape  Scale Threshold Min Max Most 
Likely 
Point 
Est. 
Switchgrass - 
Cultivation  
          
Switchgrass Yield Dry Tonne/ha Weibull - 2.05247 12.50196 - - - - - 
N Fertilizer 
application 
kg/dry tonne- 
biomass 
Triangular - - - - 6.3 8 7.33 - 
P Fertilizer application kg/dry tonne-
biomass 
Triangular - - - - 0.05 0.15 0.1 - 
K Fertilizer 
application 
kg/dry tonne- 
biomass 
Triangular - - - - 0.2 0.3 0.25 - 
Herbicide application kg/ha Triangular - - - - 0.56 2.24 1.1 - 
Miscanthus - 
Cultivation 
          
Miscanthus Yield  Dry Tonne/ha  Weibull - 2.23841 17.23841 - - - - - 
N Fertilizer 
application 
kg/dry tonne- 
biomass 
Triangular - - - - 2.63 4.09 3.52 - 
P Fertilizer application kg/dry tonne- 
biomass 
Triangular - - - - 0.28 0.82 0.54 - 
K Fertilizer 
application 
kg/dry tonne- 
biomass 
Triangular - - - - 2.94 5.70 4.16 - 
Herbicide application kg/ha Triangular - - - - 0.56 2.24 1.1 - 
Perennial Grass 
Cultivation/Harvesting 
          
Rhizome /Seedling 
Planting 
L diesel/ha Point Est. - - - - - - - 22 
Ploughing L diesel/ha Triangular - - - - 8.4 32.7 23 - 
Soil Compactification L diesel/ha Uniform - - - - 1.8 2 - - 
Harrowing (heavy) L diesel/ha Triangular - - - - 4.9 16.8 6 - 
Rolling L diesel/ha Uniform - - - - 1.8 2 - - 
Stubble Cultivation L diesel/ha Triangular - - - - 2.8 30.9 7 - 
Spreading fertilizer L diesel/ha Triangular - - - - 0.9 4.7 2 - 
Weed harrowing L diesel/ha Triangular - - - - 1.5 2.4 2 - 
Residue Removal L diesel/ha Point Est. - - - - - - - 35.2 
Windrow w/ disc 
header 
L diesel/dry 
tonne 
Point Est. - - - - - - - 1.1 
Tractor and Baler L diesel/dry 
tonne- biomass 
Point Est. - - - - - - - 2.1 
Stacker L diesel/dry 
tonne- biomass 
Point Est. - - - - - - - 0.5 
Handling (total 
average) 
L diesel/dry 
tonne- biomass 
Triangular - - - - 0.3 3.8 1.3 - 
Transport Distance  km Triangular - - - - 50 150 100 - 
Field Efficiency - 
Windrower 
(%) Triangular - - - - 75 90 80 - 
Field Efficiency Baler (%) Triangular - - - - 70 90 80 - 
Biomass - Moisture 
Content  
(%) Point Est. - - - - - - - 20 
Direct N2O Emissions  (% N volatilized) Lognormal 0.58299 - 1.05755 - - - - - 
Indirect N2O  Soil N Vol. Rate 
(%) 
Triangular - - - - 3% 30% 10% - 
Indirect N2O Leaching/Runoff 
rate (%) 
Triangular - - - - 10% 80% 30% - 
Indirect N2O Conv. Rate (%) Triangular - - - - 0.05% 2.5% 0.75% - 
Fuel Upgrading and 
Conversion 
          
Weight Hourly Space 
Velocity (WHSV)  
Hour-1 Uniform - - - - 0.5 1 - - 
Catalyst Lifetime Days Uniform - - - - 60 365 - - 
Biofuel Loss to 
Coking 
(% Biofuel Mass) Lognormal 2.24740 - 0.26056 - - - - - 
CHP – Eff. Conv. 
Electricity 
(%) Triangular - - - - 20 35 25 - 
CHP – Eff. Conv. 
Heat 
(%) Triangular - - - - 44 48 52 - 
Biochar Carbon Loss (% C emitted to 
atm.) 
Uniform - - - - 0 20 - - 
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C.13 HYPOTHESIS TESTING 
Hypothesis tests were performed to determine if the median value for energy return on 
investment (EROI) and carbon footprint (CF) of pyrolysis derived fuels are statistically different 
from key sustainability performance thresholds. The results (p-values) for the hypothesis tests 
are provided in Table 100. 1-sample sign tests were used in favor of other common statistical 
tests, as the distributions for CF and EROI are highly skewed, non-normal, and non-symmetric. 
For testing the hypothesis that the median EROI is equal to 1 against the alternative hypothesis 
the median EROI is greater than 1, the p-value is 0.00 for all examined biofeedstocks, allocation 
schemes, and coproduct scenarios. This indicates that for a significance level of α = 0.05 the null 
hypothesis should be rejected, and the median value of the EROI is greater than unity for all 
examined scenarios. Similarly, for testing the hypothesis that the median CF is equal to the RFS2 
GHG threshold (~37 g CO2/MJ-fuel) against the alternative hypothesis the median CF is less 
than the RFS2 GHG threshold, the p-value is 1.00 for all SA pathways and the pvalue is 0.00 for 
all BE pathways. If the pvalue is less than the significance value α = 0.05, the null hypothesis 
should be rejected and the median value of the CF is less than the RFS2 GHG threshold.    
Table 100. Hypothesis Testing: 1 Sample Sign Test is performed to determine if median value is 
statistically different from key sustainability performance thresholds. 
Feedstock Switchgrass Miscanthus Allocation Scheme Disp. Energy Alloc Disp. Energy Alloc. Coproduct Scenario SA BE SA BE SA BE SA BE Ho: EROI = 1   Ha: EROI > 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ho: CF = RSF2 Threshold   Ha: CF < RFS2 Threshold 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 
SA: Soil Amendment; BE: Bioenergy 
Reject null hypothesis if pvalue < α = 0.05 
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C.14 WELL TO WHEEL (WTW) COMPARISON: LIFE CYCLE GHG EMISSIONS 
AND EROI FOR FAST PYROLYSIS GASOLINE AND SELECT PETROLEUM, FIRST 
GENERATION, AND SECOND GENERATION BIOFUELS 
The 10th, 50th, and 90th percentile for EROI and life cycle GHG emission for fast pyrolysis 
biofuels as well as reference petroleum fuels, 1st generation, 2nd generation biofuels (including 
and excluding LUC impacts) are provided in Table 101 and Table 102. 
 
Table 101. EROI and life cycle GHG emission for fast pyrolysis gasoline derived from switchgrass and 
miscanthus 
Biofuel Fast Pyrolysis Gasoline 
Feedstock SWG SWG  SWG  SWG  MSC  MSC  MSC  MSC  
Coproduct 
Scenario 
SA SA BE BE SA SA BE BE 
Alloc./Disp. Alloc. Disp. Alloc. Disp. Alloc. Disp. Alloc. Disp. 
EROI  
(MJ/MJ-Fossil 
Energy) 
1.5 
(1.3,1.7) 
1.5 
(1.3,1.7) 
1.8 
(1.6,2.0) 
2.6 
(2.0,6.1) 
1.8 
(1.6,1.9) 
1.8 
(1.6,2.0) 
2.0 
(1.8,2.1) 
2.4 
(2.0,4.4) 
1Life Cycle 
GHG Emissions  
(gCO2e/MJ-
Biofuel) 
23 
(12,50) 
23 
(11,49) 
61 
(52,84) 
39 
(25,66) 
28 
(22,38) 
27 
(20,38) 
52 
(47,62) 
38 
(31,50) 
Results for EROI and Life cycle GHG emissions are tabulated as X (Y,Z) where X=50th Percentile, Y=10th Percentile, Z=90th 
Percentile  
1Excludes direct and indirect land use change impacts 
SWG: Switchgrass; MSC: Miscanthus 
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Table 102. EROI and life cycle GHG emission for select 1st generation, 2nd generation, and petroleum 
fuels 
Transportation Fuel Diesel Ethanol 
Feedstock Crude Oil Corn Sugarcane Corn 
Stover 
SWG MSC 
EROI  
(MJ/MJ-Fossil 
Energy) 
4.82 1.61  4.32  4.77  5.44 6.01 
1Life Cycle GHG 
Emissions  
(gCO2e/MJ-Biofuel) 
92.8 52.6 
(40.4,66.7) 
30.1 
(27.3,32.0) 
5.6  
(-
1.9,10.3) 
10.3 
(1.9,19.7) 
4.7  
(-1.9,11.3) 
2Life Cycle GHG 
Emissions  
(gCO2e./MJ-Biofuel) 
N/A 62.0 
(48.9,76.1) 
46.1 
(35.7,56.4) 
3.8  
(-2.8,9.4) 
11.3 
(2.8,21.6) 
-7.5 (-0.9,-
14.1) 
Results for EROI and Life cycle GHG emissions are tabulated as X (Y,Z) where X=50th Percentile, Y=10th Percentile, Z=90th 
Percentile. Some values are not present due to lack of available data. 
Values for petroleum diesel were adapted based on data obtained from the 2014 GREET model[269] 
Values for 1st & 2nd generation bioethanol were obtained from Wang et al. 2012[261]  
1Excludes direct and indirect land use change impacts 
2Includes direct and indirect land use change impacts 
SWG: Switchgrass; MSC: Miscanthus 
C.15 IMPORTANT MODELING ASSUMPTIONS AND STUDY LIMITATIONS 
Key Modeling Assumptions and Limitations:  
1. In this work it is assumed that the N and S content of the biofeedstock are converted to NH3 and H2S 
respectively, consistent with previous analysis[37]. Both NH3 and H2S streams are separated from the bio-
oil stream prior to hydroprocessing to transportation fuel. 
2. Fast Pyrolysis reactor operates at 1 atm and at a temperature of 500 OC 
3. Coproduct NCGs are recycled in the pyrolysis reactor to act as a fluidizing agent and are flared onsite. Prior 
experimental research has shown that recycling of NCGs may provide some benefit in suppressing coke 
formation, reducing acidity, and increasing the yield of desirable bio-oil compounds[437].  
4. The higher heating values (HHV) for switchgrass and miscanthus biochar/ash are estimated to be 23.81 and 
24.22 MJ/kg, respectively; and are constructed based on correlations provided in Channiwala and 
Parikh[252]. 
5. Hydrogen must be pressurized from 25 atm to 2000 psig prior to hydrodeoxygenation (HDO) 
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6. Hydro-processing reactor operates at 2000 psig and a temperature of 400 OC[258, 259, 268] 
7. Loss of biofuel due to coking is considered in catalytic HDO[428] 
8. Hydrogen required for HDO is externally sourced and produced via steam methane reforming 
9. Zeolite power is used as a proxy for the life cycle impacts of hydrotreating catalysts[203, 268] 
10. Infrastructure as well as direct and indirect land-use change impacts are not considered in this work 
11. For soil amendment pathways, up to 20% of the carbon content of the biochar is re-emitted to the 
atmosphere over a 100-year time horizon[257]  
12. Environmental impacts for wastewater treatment (i.e. of blow-down and cooling water) is not considered in 
this work 
13. The heat duty for flaring is assumed to be minimal and thus not considered in the analysis 
14. The 2007 IPCC[262] GWP 100a V1.02 and the Cumulative Energy Demand[263] V1.08 methodology are 
used to calculate total life cycle GHG emissions and primary fossil energy use  
15. The unit process “Hydrogen (reformer) E” is used to represent the upstream impacts of hydrogen produced 
via steam methane reforming 
16. Coproduct bioelectricity is used internally within the biorefinery; surplus electricity is sent to the grid and 
assumed to displace the U.S. average electricity mix.  
17. Only “useful heat”, i.e. heat that can be used to meet process-heating requirements is considered in the 
calculation of coproduct credits for EROI and carbon footprint.  
18. Hydrocracking is not modeled in biofuel production as the longest carbon-chain biofuel compound is C11 
19. Differences in simulation results may occur between models and versions of Aspen Plus 
20. Aspen Energy analyzer is used to determine the optimal heat exchange network that minimizes the heating 
and cooling duties of the system 
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C.16 FAST PYROLYSIS: SENSITIVITY ANALYSIS 
 
 
 
 
 
 
 
 
 
 
 
Figure 34. Tornado Plots: Median EROI, Switchgrass 
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Figure 35. Tornado Plots: Median Life Cycle GHG Emissions, Switchgrass 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. Tornado Plots: Median EROI, Miscanthus 
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Figure 37. Tornado Plots: Median Life Cycle GHG Emissions, Miscanthus 
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APPENDIX D 
SUPPORTING INFORMATION FOR MULTISTAGE TORREFACTION OF BIOMASS 
AND IN-SITU CATALYTIC UPGRADING TO HYDROCARBON BOIFUELS: 
ANALYSIS OF LIFE CYCLE ENERGY USE AND GREENHOUSE GAS EMISSIONS 
D.1 DIRECT LAND USE CHANGE 
Direct land-use change impacts are calculated using guidelines provided via the intergovernmental panel 
for climate change (IPCC). This work assumes that only grasslands-land coverage is converted to SRWC 
plantations, as grasslands are considered an ideal candidate for conversion to SRWC plantations relative 
to other land-types. For example, wetlands play multiple important ecological functions are often located 
on protected lands, established forestland provide free "waste" forestry resources and due to high biomass 
concentration represent a significant carbon-sink, conversion of cropland for biofuel production may lead 
to increased competition between the use of land for food or fuel production, and conversion of developed 
land i.e. ‘settlements’ is often cost prohibitive. Thus, it is likely that grasslands would be targeted for 
conversion to SRWC plantations.  
Large-scale geospatial crop modeling and databases, such as the biofuel ecophysiological traits 
and yields database, predict the highest yields of SRWCs poplar and willow are concentrated in the 
northeastern region of the U.S., which is characteristically a temperate (cold, wet) climate zone, and 
whose soil characteristics are primarily represented by high activity clays (HAC), and thus representative 
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of nominal direct land-use change impacts. The soil organic carbon concentration for HACs in Temperate 
(cold, wet) climates regions is assumed to be 95 (Tonnes C ha-1 in 0-30 cm depth) based on data provided 
via the IPCC, further details are provided in Table 103.  
 
Table 103. Soil Organic Carbon Stocks (SOCREF) for Mineral Soils (Tonnes C ha-1 in 0-30 cm depth) 
 
Climate Region 
 
HAC 
Soils 
LAC 
Soils 
Sandy 
Soils 
Spodic 
Soils 
Volcanic 
Soils 
Wetland 
Soils 
Boreal – Dry & Wet 68 N/A 10 117 20 146 
Cold Temperate – Dry 50 33 34 N/A 20 87 
Cold Temperate – Wet 95 85 71 115 130 87 
Warm Temperate – Dry 38 24 19 N/A 70 88 
Warm Temperate – Wet 88 63 34 N/A 80 88 
Tropical – Dry 38 35 31 N/A 50 86 
Tropical – Moist  65 47 39 N/A 70 86 
Tropical –Wet 44 60 66 N/A 130 86 
Tropical – Montane 88 63 34 N/A 80 86 
Obtained from IPCC - Table 2.3: Default reference (under native vegetation) soil organic C stocks (SOCREF) for Mineral Soils 
(Tonnes C ha-1 in 0-30 cm depth) 
 
In the IPCC methodology, the SOC concentrations of land-types (i.e. Grasslands, 
Croplands, Forestlands, etc.) are estimated via adjusting the reference SOCREF  for mineral soils, 
based on land-use (FLU) and land management (FMG) factors. Coefficients for FLU and FMG 
factors are provided in Table 104. A triangular distribution is utilized to randomly sample land 
management (FMG) factors, with an upper bound of 1, most likely value of 0.95, and a minimum 
of 0.7.  
 
Table 104. Carbon Stock Factors For Grassland Management 
Factor Level Climate Regime IPCC default Error (%) 
1Land Use (FLU) All All 1 N/A 
2Management (FMG) Nominally managed (non-degraded) All 1 N/A 
3Management (FMG) Moderately Degraded grassland Temperate 0.95 13 
4Management (FMG) Severely Degraded All 0.7 40 
Obtained from IPCC - Table 6.2: Relative Stock Change Factors for Grassland Management 
1All permanent grassland is assigned a land-use factor of 1 
2Represents non-degraded and sustainably managed grassland, but without significant management improvements. 
3Represents overgrazed or moderately degraded grassland, with somewhat reduced productivity (relative to the native or 
nominally managed grassland) and receiving no management inputs 
4Implies major long-term loss of productivity and vegetation cover, due to severe mechanical damage to the vegetation and/or 
severe soil erosion 
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The SOC for grasslands are estimated via the product of the SOCREF (i.e. 95 Tonnes C ha-
1) and land-use and land-management factors, see equation 36. 
 
𝑆𝑆𝐸𝐸𝐶𝐶 = 𝑆𝑆𝐸𝐸𝐶𝐶𝑅𝑅𝐸𝐸𝐹𝐹 × 𝐹𝐹𝐿𝐿𝑈𝑈 × 𝐹𝐹𝑀𝑀𝑀𝑀      (36) 
 
 
In this work it is assumed that the SOC carbon concentrations for SRWC plantations can 
be represented via IPCC defined Forestlands. Due to uncertainty regards the SOC concentrations 
for forestlands, IPCC methodology suggest that the SOCREF be used as a proxy to estimate the 
SOC for forestlands. Using this methodological framework, changes in SOC resulting from 
conversion of grassland to SRWC plantations are estimated via equation 37. 
 
∆𝑆𝑆𝐸𝐸𝐶𝐶 = 𝑆𝑆𝐸𝐸𝐶𝐶𝑅𝑅𝐸𝐸𝐹𝐹 × (𝐹𝐹𝑀𝑀𝐿𝐿𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝐻𝐻𝐻𝐻𝐹𝐹𝑓𝑓 × 𝐹𝐹𝑀𝑀𝑀𝑀 − 1)   (37) 
 
Estimates for the total above- and below- ground biomass (tonnes d.m. ha-1) for 
grasslands are provided in Table 105.  
 
Table 105. Above-ground and Below-ground Grassland Biomass Stocks 
IPCC Climate Zone 
Peak above-ground 
biomass 
(tonnes d.m. ha-1) 
Total* above-ground and 
below-ground non-
woody biomass 
(tonnes d.m. ha-1) 
Error (%)1 
Boreal – Dry & Wet 1.7 8.5 75 Cold Temperate – Dry 1.7 6.5 75 Cold Temperate – Wet 2.4 13.6 75 Warm Temperate – Dry 1.6 6.1 75 Warm Temperate – Wet 2.7 13.5 75 Tropical – Dry 2.3 8.7 75 Tropical – Moist & Wet 6.2 16.1 75 
1Represents a nominal estimate of error, equivalent to two times standard deviation, as a percentage of the mean. 
Obtained from IPCC - Table 6.4: Default biomass stocks present on grassland, after conversion from other land use  
Total GHG emissions and/or reductions (Tonnes CO2 ha-1) from direct LUC are 
calculated based on the mass of CO2 emitted via removal of above-ground and below-ground 
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biomass due to conversion of grassland to SRWC plantations, and changes in the soil-organic 
carbon concentrations, and is provided in equation 38.  
 
𝐺𝐺𝐻𝐻𝐺𝐺 𝐸𝐸𝑄𝑄𝑅𝑅𝑜𝑜𝑜𝑜𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 =  (𝐵𝐵𝑅𝑅𝑜𝑜𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜𝑃𝑃𝑁𝑁𝑓𝑓𝑛𝑛𝐿𝐿+𝐵𝐵𝐿𝐿𝑓𝑓𝑓𝑓𝐿𝐿 × � 47 𝐹𝐹𝐻𝐻 𝐼𝐼100 𝐹𝐹𝐻𝐻 𝐹𝐹.𝑃𝑃.� + ∆𝑆𝑆𝐸𝐸𝐶𝐶) × (44 𝐹𝐹𝐻𝐻 𝐼𝐼𝐶𝐶212 𝐹𝐹𝐻𝐻 𝐼𝐼  )  (38) 
 
 
Values for BiomassAbove+Below are estimated via IPCC defined climate zone: Cold 
Temperate – Wet (tonnes d.m. ha-1). A normal probability distribution is utilized to randomly 
sample from the total above-ground and below-ground biomass, based on reported standard 
deviation. Biomass is assumed to have an average carbon concentration of 0.47 kg C / kg 
Biomass-Dry Matter, consistent with IPCC guidelines. A conversion factor of 44/12 is utilized to 
convert from an elemental carbon to CO2-basis. It is assumed that total dLUC impacts are 
normalized over the 20-year life-time of the biorefinery. 
D.2 CULTIVATION AND HARVESTING: WOODY BIOMASS 
Process inventories for woody biomass production are randomly sampled via statistical 
bootstrapping and are developed based on harmonized field trials reported in ref[302], see Table 
107 through Table 121. Direct GHG emissions due to application of Urea (CH4N2O) as well as 
Lime (CaCO3) are modeling assuming that all carbon is converted to carbon dioxide (CO2).  
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Table 106. Reported Growth Rates for Woody Biomass* 
Country Location Species Age (yrs) Yield (MT ha-1yr-1) 
Spain Granada Poplar 3 13.7 
Spain Madrid Poplar+Willow 2 13.5 
Spain  Soria Poplar 4 12 
Spain Zamora Poplar 3 7.7 
Italy Bagni di Tivoli Poplar 8 10 
Spain  Girona Poplar+Willow 2 15.5 
Spain Leon Poplar 3 6.9 
Spain Navarra Poplar 3 16 
Italy  Pisa Poplar 15 8 
Italy Pisa Poplar 15 11.3 
Italy Cavallermaggiore Poplar+Willow 9 5.5 
Italy Caramagna piemonte Poplar/Willow 9 8.2 
Italy Lombriasco Poplar/Willow 9 1.3 
Italy  Casale Monferrato Poplar/willow 9 9.5 
Italy Bigarello Poplar 10 4.4 
Italy  Ostiano Poplar 10 16 
Italy Ostiano Poplar 10 20 
Slovakia Malanta Willow 13 14.3 
Czech Rep. Nová Olešná Poplar/Willow na 10.2 
Czech Rep. Bystřice Poplar 16 3.2 
Czech Rep. Smilkov Poplar 16 7.2 
Czech Rep. Rosice Poplar 12 13.2 
Germany Arnsfeld Poplar 14 5.6 
Germany  Großschirma Willow 3 10.1 
Germany Großschirma Poplar na 9.4 
Germany Krummenhennersdorf Poplar/Willow 8 11.3 
Belgium Zwijnaarde Poplar/Willow 4 3.5 
Belgium  Boom Poplar 16 5.2 
Belgium Lochristi Poplar/Willow 2 4 
Germany Gersdorf Willow 7 7.8 
Germany Zschadrass Willow 5 14.7 
Germany Commichau Poplar 6 9.1 
Germany Skäßchen Poplar 15 2.9 
Germany Großthiemig Poplar na 7 
Germany Thammenhain Poplar/Willow 15 7.1 
Germany Nochten Poplar 15 2.8 
Germany Vetschau Poplar 7 3.4 
Germany Methau I Poplar/Willow 17 12.9 
Germany Methau II Poplar 17 9.2 
Germany Köllitsch Poplar/Willow 5 5.95 
Netherlands Lelystad Willow na 8 
Germany Kuhstorf Poplar/Willow na 7.7 
Germany Laage Poplar na 23.9 
Ireland  Loughgall Willow 21 11 
Denmark  Vråvej Willow 16 9.2 
Estonia Saare Willow 12 9.1 
Sweden Hjulsta Willow 15 9.5 
*Adapted from ref [302] 
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Table 107. Process Inventory for SRWC System 1 
SRWC System 1 
(Stand life: 15 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 25.77 - 1 
Harrowing 7.21 - 1 
Disking - - - 
Mechanical Weeding - - - 
Chemical Weeding 7.5 4 l gly 6 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) 4.32 107 kg (N) 4 
Planting 45.25 11,500 cuttings 1 
Pest Control - - - 
Irrigation - - - 
Coppicing 30 - 1 
Harvesting/Chipping 75 - 4 
Stump Removal 38.70 - 1 
Based on site: Hjulsta  
 
Table 108. Process Inventory for SRWC System 2 
SRWC System 2 
(Stand life: 21 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 7 - 1 
Harrowing 2.3 - 1 
Disking - - - 
Mechanical Weeding 2.2 - - 
Chemical Weeding 1.2 2.25 kg gly 5 
Fertilizing (lime) 2.3 3 MT 1 
Fertilizing (N/P/K) 2.8 128/28/178 (kg) 5 
Planting 2.8 15,000 cuttings 1 
Pest Control - - - 
Irrigation - - - 
Coppicing - - - 
Harvesting/Chipping 74.85 - 7 
Stump Removal 38.70 - 1 
Based on site : Loughgall  
 
Table 109. Process Inventory for SRWC System 3 
SRWC System 3 
(Stand life: 2 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 40 - 2 
Harrowing 32 - 1 
Disking 20 - 1 
Mechanical Weeding 14 - 2 
Chemical Weeding 10 5 l oxy 2 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) - - - 
Planting 16.3 10,000 cuttings 1 
Pest Control 10.5 0.18 kg cyp 2 
Irrigation 165.5 3397 m3 3 
Coppicing - - - 
Harvesting/Chipping 34.0 - 2 
Stump Removal 38.70 - 1 
Based on site: Girona  
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Table 110. Process Inventory for SRWC System 4 
SRWC System 4 
(Stand life: 4 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 18 - 1 
Harrowing 8 - 1 
Disking - - - 
Mechanical Weeding 25 - - 
Chemical Weeding 4 4 l  oxy, 4 l gly 4 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) 4 400 kg 
(12N/22P/22K) & 230 
kg CAN (27%) 
5 
Planting 98 19,700 cuttings 1 
Pest Control - - - 
Irrigation - 1333 m3 4 
Coppicing 48 - 1 
Harvesting/Chipping 160 - 1 
Stump Removal 38.70 - 1 
Based on site: Soria  
 
Table 111. Process Inventory for SRWC System 5 
SRWC System 5 
(Stand life: 15 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 45 - 1 
Harrowing 30 - 1 
Disking 30 - 1 
Mechanical Weeding 19 - 2 
Chemical Weeding - - - 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) 18 30 kg N 4 
Planting 30 7,142 cuttings 1 
Pest Control - - - 
Irrigation 45 300 m3 3 
Coppicing - - - 
Harvesting/Chipping 132 - 5 
Stump Removal 38.70 - 1 
Based on site: Pisa  
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Table 112. Process Inventory for SRWC System 6 
SRWC System 6 
(Stand life: 8 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 46.54 - 1 
Harrowing 46.14 - 2 
Disking - - - 
Mechanical Weeding 8.74 - 16 
Chemical Weeding 2 2 l met & 1 l lu  12 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) 5.6 500 kg (8/24/24) 6 
Planting 75.35 10,000 cuttings 1 
Pest Control - - - 
Irrigation - - - 
Coppicing - - - 
Harvesting/Chipping 122.2 - 4 
Stump Removal 38.70 - 1 
Based on site: Bagni di Tivoli  
 
 
Table 113. Process Inventory for SRWC System 7 
SRWC System 7 
(Stand life: 16 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 33.2 - 1 
Harrowing 11.8 - 1 
Disking - - - 
Mechanical Weeding 2.7 - 7 
Chemical Weeding 2.8 3 kg gly; 9 kg oxa 6 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) - - - 
Planting - 10,000 cuttings 1 
Pest Control - - - 
Irrigation - - - 
Coppicing - - - 
Harvesting/Chipping 74.9 - 4 
Stump Removal 38.70 - 1 
Based on site: Boom 
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Table 114. Process Inventory for SRWC System 8 
SRWC System 8 
(Stand life: 2 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 16.66 - 1 
Harrowing 13.51 - 1 
Disking 11.4 - 1 
Mechanical Weeding 8.36 - 5 
Chemical Weeding 6.88 0.3 l Az, 2.5 l Ar, & 
3.5 l gly  
7 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) - - - 
Planting 21.04 8,000 cuttings 1 
Pest Control 9.84 1 l tom & 1 l mat 1 
Irrigation - - - 
Coppicing - - - 
Harvesting/Chipping 49.47 - 1 
Stump Removal 38.70 - 1 
Based on site: Lochristi 
 
Table 115. Process Inventory for SRWC System 9 
SRWC System 9 
(Stand life: 16 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 46.5 - 1 
Harrowing 6 - 1 
Disking 4 - 1 
Mechanical Weeding 2 - 5 
Chemical Weeding 1.2 4 l sto 3 
Fertilizing (lime) 1.9 - 1 
Fertilizing (N/P/K) 1.9 120 kg (21/3/10) 7 
Planting 4.2 12,000 cuttings 1 
Pest Control - - - 
Irrigation 1 - 3 
Coppicing - - - 
Harvesting/Chipping 14.0 - 7 
Stump Removal 38.7 - 1 
Based on site: Vravej 
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Table 116. Process Inventory for SRWC System 10 
SRWC System 10 
(Stand life: 3 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 21.7 - 1 
Harrowing 17.6 - 1 
Disking 10.2 - 1 
Mechanical Weeding 5.1 - 2 
Chemical Weeding 4.9 2 kg gly   4 
Fertilizing (lime) 2.6 - 1 
Fertilizing (N/P/K) 2.6 (90/8/60) 3 
Planting 27.3 13,500 cuttings 1 
Pest Control 1.2 0.42 kg del 3 
Irrigation 1.2 300 m3 1 
Coppicing - - - 
Harvesting/Chipping 27.4 - 4 
Stump Removal 38.7 - 1 
Based on site: Großschirma 
 
Table 117. Process Inventory for SRWC System 11 
SRWC System 11 
(Stand life: 10 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 22.9 - 1 
Harrowing 26.3 - 1 
Disking - - - 
Mechanical Weeding 28.3 - 5 
Chemical Weeding 3.7 4 l gly   5 
Fertilizing (lime) 5.5 1 MT 1 
Fertilizing (N/P/K) 3.8 80 kg Urea 4 
Planting 22.7 5,560 cuttings 1 
Pest Control 3.7 2 kg del 5 
Irrigation 6.5 400 m3 5 
Coppicing - - - 
Harvesting/Chipping 80.6 - 5 
Stump Removal 39 - 1 
Based on site: Ostiano 
 
Table 118. Process Inventory for SRWC System 12 
SRWC System 12 
(Stand life: 9 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 27 - 2 
Harrowing 24 - 1 
Disking 22 - 1 
Mechanical Weeding 13 - 6 
Chemical Weeding 7 3 kg gly   6 
Fertilizing (lime) - - 1 
Fertilizing (N/P/K) 14 (30/44/83) 4 
Planting 40 8,330 cuttings 1 
Pest Control - - - 
Irrigation - 1500 m3 4 
Coppicing - - - 
Harvesting/Chipping 97 - 5 
Stump Removal 39 - 1 
Based on site: Casale Monferrato 
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Table 119. Process Inventory for SRWC System 13 
SRWC System 13 
(Stand life: 3 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 30 - 1 
Harrowing 16 - 1 
Disking - - - 
Mechanical Weeding 12 - 3 
Chemical Weeding 8 4 l oxy   1 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) 8 450 kg (8/15/15) 1 
Planting 17 13,333 cuttings 1 
Pest Control 20 0.5 kg del 1 
Irrigation 210 1333 m3 3 
Coppicing - - - 
Harvesting/Chipping 36 - 1 
Stump Removal 39 - 1 
Based on site: Leon 
 
Table 120. Process Inventory for SRWC System 14 
SRWC System 14 
(Stand life: 3 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 25.0 - 1 
Harrowing 20 - 1 
Disking - - - 
Mechanical Weeding 17 - 4 
Chemical Weeding 6 3 l gly   3 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) - - - 
Planting 17 13,333 cuttings 1 
Pest Control - - - 
Irrigation - 1,667 m3 3 
Coppicing - - - 
Harvesting/Chipping 37 - 1 
Stump Removal 39 - 1 
Based on site: Granada 
 
Table 121. Process Inventory for SRWC System 15 
SRWC System 15 
(Stand life: 3 yrs)  
Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Frequency  
(# times over stand life) 
Plowing 30 - 2 
Harrowing 14 - 3 
Disking - - - 
Mechanical Weeding 17 - 8 
Chemical Weeding 3.6 4 l (oxy + gly)   4 
Fertilizing (lime) - - - 
Fertilizing (N/P/K) 4.4 235 kg (15/15/15) 6 
Planting 17 13,333 cuttings 1 
Pest Control 3.6 1.5 l Ch1 5 
Irrigation - 1,890 m3 3 
Coppicing - - - 
Harvesting/Chipping 36 - 1 
Stump Removal 39 - 1 
Based on site: Zamora 
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Table 122. Process Inventory for Cuttings Production  
Activities Diesel Use  
(L ha-1) 
Input Rate  
(unit ha-1) 
Plowing 24 - 
Flattening 18 - 
Fertilizing 7 80 kg N 
Fertilizing 7 100 kg P 
Fertilizing 7 60 kg K 
Fertilizing 11 1000 kg CaCo3 
Chemical Weeding 7 1 l AZ 500 
Chemical Weeding 7 1 l Kerb50 
Chemical Weeding 7 1 l Basts 
Mechanical Weeding 20 - 
*Manual Weeding - 65 h 
Data is based on 1 ha land use, and an average production of 153,000 cuttings per ha. Adapted from ref[304] 
*Impacts due to Labor are not considered in this work 
 
Harvest efficiency, i.e. the fraction of dry matter yield that is harvested, is dependent on 
the harvesting technology. This work assumes a uniform distribution for harvesting efficiency 
with a lower bound of 77.4% and upper bound of 94.5%, see Table 123 for additional 
information.  
 
Table 123. Harvest Efficiency  
Harvesting Technology Avg Efficiency (%) Reference 
Self propelled cut-and-chip harvester 77.4 Ref [303] 
Tractor-pulled stem harvester 94.5 Ref [303] 
 
Direct volatilization of N fertilizer to N2O is randomly sampled via statistical 
bootstrapping, based on 59 trials conducted on various agricultural lands [398-424], and are 
provided in Table 124. 
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Table 124. Direct Nitrogen Volatilization Rates (%) 
  N2O Conversion Rate (%) Measurement Year(s) Reference 
0.52 2005 and 2006 Halvorson et al. 2008 
0.45 2005 and 2006 Halvorson et al. 2008 
0.75 2005 and 2006 Halvorson et al. 2008 
0.90 Prior to 2001 Bouwman et al. 2002 
6.60 2004-2006 Chantigny et al. 2010 
0.40 2004-2006 Chantigny et al. 2010 
0.83 2007-2008 Halvorson et al. 2010 
0.85 2007-2008 Halvorson et al. 2010 
0.14 2007-2008 Halvorson et al. 2010 
0.33 2007-2008 Halvorson et al. 2010 
0.06 2007 Halvorson et al. 2010 
0.09 2008 Halvorson et al. 2010 
0.21 2007 Halvorson et al. 2010 
0.26 2008 Halvorson et al. 2010 
0.32 2007 Halvorson et al. 2010 
0.09 2008 Halvorson et al. 2010 
0.41 2007 Halvorson et al. 2010 
0.26 2008 Halvorson et al. 2010 
1.02 2000-2001 Wagner-Riddle et al. 2007 
0.73 2003-2004 Wagner-Riddle et al. 2007 
0.14 2008 Venterea et al. 2011 
0.17 2009 Venterea et al. 2011 
0.42 2010 Venterea et al. 2011 
0.69 2002-2006 Del Grosso et al. 2008 
0.63 2002-2006 Del Grosso et al. 2008 
0.34 2009 Halvorson et al. 2011 
0.51 2010 Halvorson et al. 2011 
0.20 2007 Halvorson et al. 2010 
0.16 2008 Halvorson et al. 2010 
0.69 2009-2010 Halvorson and Del Grosso 
2012 
0.21 2009-2010 Halvorson and Del Grosso 
2012 
0.26 2009-2010 Halvorson and Del Grosso 
2012 
0.38 2009-2010 Halvorson and Del Grosso 
2012 
0.91 2009 Sistani et al. 2011 
1.60 2009 Sistani et al. 2011 
2.60 2009 Sistani et al. 2011 
1.20 2009 Sistani et al. 2011 
2.80 2009 Sistani et al. 2011 
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Table 124 (continued). 
3.20 2009 Sistani et al. 2011 
0.48 2010 Sistani et al. 2011 
0.36 2010 Sistani et al. 2011 
1.40 2010 Sistani et al. 2011 
0.40 2010 Sistani et al. 2011 
0.60 2010 Sistani et al. 2011 
0.058 2010 Sistani et al. 2011 
0.50 2005-2006 Haile-Mariam et al. 2008 
0.30 2005-2006 Haile-Mariam et al. 2008 
1.29 1979-1987 Eichner 1990 
0.77 Unspecified Skiba et al. 1996 
2.1 Unspecified Benckiser et al. 1996 
0.39 Unspecified Hutchinson et al. 1992 
6.8 Unspecified Williams et al. 1992 
1.25 Unspecified Mosier and Hutchinson. 1981 
1.0 Unspecified Qian et al. 1997 
0.95 Unspecified Vermoesen et al. 1996 
5 Unspecified Shepherd et al. 1991 
1.25 Unspecified Bounman et al. 1995 
0.36 Unspecified Mosier et al. 1986 
1.20 Unspecified Anderson et al. 1987 
 
Indirect N volatilization was developed based on estimates of soil nitrogen leaching and 
run-off rates as well as conversion rates of soil N to N2O as reported by the Intergovernmental 
Panel for Climate Change (IPCC) [247] and are provided in Table 125. Triangular distributions 
are utilized to estimate key parameters for indirect nitrogen volatilization rates, based on 
minimum, maximum and most likely values. 
 
Table 125. Indirect Nitrogen Volatilization Rates (%) 
Parameters Min Max Most Likely 
Soil Nitrogen Volatilization Rate (%) 3% 30% 10% 
Leaching and runoff rate of soil nitrogen (%) 10% 80% 30% 
The conversion rate of leached and runoff nitrogen to N in N2O (%) 0.05% 2.5% 0.75% 
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D.3 SHORT-TERM STORAGE OF BIOMASS 
Regression equations are utilized to estimate dry matter loss as a function of storage time, based 
on experimental data provided in ref [306], see Table 126. 
 
Table 126. Dry Matter Loss (%) as a function of Storage Time 
 
Storage Time (Days) Dry Matter Loss (%) 2.1 0.5 3.4 0.8 7.7 1.9 35.7 6.3 51.7 8.3 63.2 9.6 
 
Linear regression provides a good fit to experimental data (R2=0.99), the regression 
equation is provided in equation 39.  
 
𝐷𝐷𝐶𝐶𝑦𝑦 𝑀𝑀𝑇𝑇𝑜𝑜𝑜𝑜𝛿𝛿𝐶𝐶 𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜 (%) =  0.1498 ×  𝑆𝑆𝑜𝑜𝑜𝑜𝐶𝐶𝑇𝑇𝑇𝑇𝛿𝛿 𝑇𝑇𝑅𝑅𝑄𝑄𝛿𝛿 (𝑦𝑦𝑇𝑇𝑦𝑦𝑜𝑜) +  0.4767   (39) 
 
 
The emissions factors for storage off-gases (kg-off-gases kg-biomass-1) during biomass 
storage are estimated using equation 40. 
 
𝐸𝐸𝐹𝐹𝑓𝑓 = 𝑃𝑃×𝑉𝑉𝐻𝐻×𝑀𝑀𝑤𝑤𝐻𝐻×𝐼𝐼𝐵𝐵×𝑆𝑆𝐻𝐻𝑓𝑓𝐿𝐿𝐻𝐻𝐻𝐻𝐿𝐿 𝑇𝑇𝑓𝑓𝑃𝑃𝐿𝐿 (𝐹𝐹𝐻𝐻𝑃𝑃𝑓𝑓)𝑅𝑅×𝑇𝑇×𝑀𝑀×109      (40) 
 
Where P is the pressure of the container (101,300 Pa), Vg is the volume of gas (0.00152 
m3), Mwt is the molecular weight (g mole-1) of the off gases (CO: 28, CO2: 44, and CH4: 16), R is 
the ideal gas constant (8.31 J mol-1 K-1), T is the temperature of the storage (293.15 K), M is the 
mass of the stored biomass on a dry basis (0.562 kg), and Ci is the volumetric concentration 
increase of the ith off-gas (ppmv 10-6 day-1), based on experimental values reported in ref [307]. 
  275 
 
Table 127. Parameters used in calculating emissions factors for storage off-gases 
 
Parameter Type Unit Value Definition 
P Constant Pa 101,300 Pressure of Storage Gas 
Vg Constant m3 0.00152 Volume of Gas 
Mwt Constant g mole-1 CO:28, CO2:44,  
CH4:16 
Molecular Weight of Off-gasses 
R Constant J mol-1 K-1 8.31 Ideal Gas Constant 
T Constant Kelvin 293.15 Temperature 
M Constant kg-dry biomass 0.562 Mass of stored Biomass 
Ci Constant ppmv day-1 CO:59.5, CO2:190.1, 
CH4:3.82 
Off Gas Concentration Increase 
Storage Time Variable Days 30 to 60 Storage Period 
 
PPM concentrations for storage off-gases for the 11th day were reverse calculated via 
equation 40 and emissions factors reported in ref [307].It was assumed that the off-gas 
concentration of CO, CO2, and CH4 increase linearly with time when biomass is stored at 20 OC 
[307]. The increase in off-gas concentration (PPMV increase per day) is estimated via dividing 
the experimental concentration PPM at the 11th day by the storage time (days). For example, the 
rate of CO2 PPM per day is assumed to be 654.2 PPM/11 Days = 190.1 PPM day-1. The 
concentration rate is used to extrapolate total off-gas concentration for a nominal storage period. 
 
Table 128. Storage Off-Gas Concentration and Concentration Rate 
Storage Off-Gases Concentration 
(PPM after 11 days) 
Concentration Increase (Ci) 
(PPM increase per day) 
CO  654.2 59.5 
CO2 2090.7 190.1 
*CH4 42 3.82 
*Due to data limitations PPM for CH4 could not be calculated direct, and was estimated via graphical interpretation. Results from 
ref [307], indicate that the 11-day PPM for CH4 at a storage temperature of 20OC lies between 40 and 45 PPM. In this work it is 
assumed that the 11-day CH4 concentration is 42 PPM.   
For example, the mass of CO2 emitted over an 11-day storage on a dry basis is estimated 
to be:  
  
𝐸𝐸𝑄𝑄𝑅𝑅𝑜𝑜𝑜𝑜𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 𝐹𝐹𝑇𝑇𝐸𝐸𝑜𝑜𝑜𝑜𝐶𝐶 𝐶𝐶𝐸𝐸2 = (101,300) × (0.00152) × (44) × (190.1) × (11)(8.31) × (293.15) × (0.562) × 109 = 1.03 × 10−5 𝑙𝑙𝑇𝑇 𝐶𝐶𝐸𝐸2𝑙𝑙𝑇𝑇 𝐷𝐷𝐶𝐶𝑦𝑦 𝑀𝑀𝑇𝑇𝑜𝑜𝑜𝑜𝛿𝛿𝐶𝐶 
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The emissions factor on a wet basis is estimated to be 9.09x10-6 (i.e. 9.09 mg CO2/kg-
biomass) equivalent to the results reported in ref [307] as shown below. 
 
𝐶𝐶𝐸𝐸2 = (101,300) × (0.00152) × (44) × (190.1) × (11)(8.31) × (293.15) × (0.64) × 109 = 9.09 × 10−6 𝑙𝑙𝑇𝑇 𝐶𝐶𝐸𝐸2𝑙𝑙𝑇𝑇 𝐵𝐵𝑅𝑅𝑜𝑜𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜 (𝐺𝐺𝛿𝛿𝑜𝑜) 
 
 
A uniform distribution was assumed for short-term storage, with a minimum of 30 days 
and a maximum of 60 days.  
D.4 TRANSPORTATION OF STORED BIOMASS TO REFINERY GATE 
Transportation distance from farm-to-refinery was modeled via a triangular distribution assuming one-
way transport via lorries and is outlined in 129 and Table 130. A minimum one-way transportation 
distance of 50 km, most likely value of 100 km, and maximum of 150 km were selected, and capture a 
broad range of values reported via prior published literature [201, 250, 308]. 
  
Table 129. Literature Survey: Transportation of Biomass from Farm to Refinery 
Transport Distance: Farm to Refinery References 
50 miles (~80 km) Jones et al. 2013 [250] 
100 km (to BTL) or 50 km (to CHP) Roedl et al. 2010 [308] 
60 miles (~96 km) Zhang et al. 2013 [201] 
BTL: Biomass to Liquid; CHP: Combined Heat and Power 
 
Table 130. Triangular Distribution: Transportation of Biomass from Farm to Refinery 
Parameters Transport Distance: Farm to Refinery 
Min 50 km 
Max 150 km 
Most Likely 100 km 
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D.5 PRETREATMENT: GRINDING AND CHOPPING 
The specific energy requirement for grinding/chopping of woody biomass is represented via the 
following formula [251]: 
 
𝐸𝐸 =  𝑇𝑇𝑎𝑎−𝑁𝑁     (41)  
 
Where E is the specific energy requirement (kJ/kg-dry biomass) and X is the aperture size 
in millimeters (mm). It assumed that woody biomass is chopped/ground to a particle size of 3mm 
[249], and all grinding/chopping energy is provided via electricity. Regression coefficients were 
taken from Miao et al. [251] and are provided in  Table 131. 
 
Table 131. Key Parameters for Grinding and Chopping of Woody Biomass  
Feedstock Regression 
Coefficient (a) 
Regression 
Coefficient (b) 
Specific Energy Consumption 
(kJ/kg-dry biomass) 
Air-Dry Willow 2408 -1.103 716.8 
D.6 EXPERIMENTAL SETUP, MODEL COMPOUND METHODOLOGY, AND 
LABORATORY SCALE RESULTS 
Feedstock: Red oak sawdust was used as a starting material for single stage fast pyrolysis and stage 1 
experiments. For stage 2, the solid product (solid residue) obtained from stage 1 was used as the 
feedstock, while for stage 3 (or fast pyrolysis), the solid residue produced from stage 2 was the starting 
material. 
Apparatus: A CDS Analytical Pyroprobe 5250T apparatus (milligrams scale unit) was used to 
obtain the composition of organic compounds for each stage in the case of multi-stage scenario as well as 
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for the single stage fast pyrolysis case (see Figure 38). Samples were prepared by loading 0.60-0.80 mg 
of biomass into a fire polished quartz tube with a filler rod and quartz wool above the rod to prevent the 
biomass from falling out of the bottom (see Figure 39). 
 
 
Figure 38. Pyroprobe Schematic 
 
 
Figure 39.  Quartz Sample Tube Diagram 
 
All reactions were carried out in a helium carrier gas at one atmosphere and 94 ml/min total flow. 
All experiments utilized a 1000°C / second temperature ramp. Evolved vapors were transported via 
transfer lines heated to 300°C into a Shimadzu QP-2010+ GC/MS-FID system with a 60m long semi-
polar RTX-1701 column (250µm diameter, 0.25µm film thickness) for the identification and 
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quantification of organic compounds. Over 100 individual compounds are identified and quantified. 
These compounds are listed in Table 132, and are aggregated into groups, which have common 
upgrading strategies.  Each of the groups is assigned a model compound based on the most prevalent 
and/or chemically representative compound within the group.  For example, large non-furanic 
anhydrosugar compounds are represented by levoglucosan; the group of methoxy phenols (phenols with 
at least one methoxy group attached to the ring) is represented by guaiacol, a major compound in that 
group.   
 
Table 132. Model compound aggregation scheme based on identified compounds in the Pyroprobe 
chromatogram. 
Compound Identified by GC  Model compound 
Acetic acid  Acetic Acid 
2-Propenal  
Acetol 
Acetaldehyde  
Propanal-2-one  
Butanal  
1-Penten-3-one  
2,3-Butanedione  
3-Pentanone  
2-Butanone  
Hydroxyacetaldehyde  
2-Butenal (cis or trans)  
c2-Hydroxypropanal  
Hydroxypropanone  
2-Propenoic acid methyl ester  
1-Hydroxy-2-butanone  
3-Hydroxypropanal  
2-Hydroxy-3-oxobutanal  
1-Acetyloxypropane-2-one  
2-Hydroxy-butanedial  
Butanedial  
2,3-Dihydroxyhex-1-ene-4-one  
Furan  
Furan 
2-Methylfuran  
2,5-dimethylfuran  
2-Acetylfuran  
2,3-Dihydro Furan  
(2H)-Furan-3-one  
2-Furaldehyde  
Furfural 
2-Furfuryl alcohol  
5-Methyl-2-furaldehyde  
(5H)-Furan-2-one  
Dihydro-methyl-furanone  
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Table 132 (continued). 
2-Hydroxy-1-methyl-1-cyclopentene-3-one   
Methyl-butyraldehyde derivative  
gamma-Lactone derivative  
gamma-Butyrolactone  
5-Hydroxymethyl-2-furaldehyde  
4-Cyclopentene-1,3-dione  
2-Furoic acid methyl ester  
OH-methyl-dihydropyranone  
4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one  
3-Hydroxy-2-methyl-pyran-4-one  
Methyl-dihydro-(2H)-pyran-2-one  
2-Cyclopenten-1-one, 2-methyl-  
Cyclopentanone  
Levoglucosan  
Levoglucosan 
1,4:3,6-Dianhydro-glucopyranose  
1,6-Anhydro-beta-D-mannopyranose  
1,5-Anhydro-beta-D-xylofuranose  
Anhydrosugar: unknown  
Toluene  
Toluene 
Phenol  
Styrene  
Benzene, ethyl-  
Benzene, 1,2-dimethyl-  
Benzaldehyde  
Anisole  
1,2,4-Trimethoxybenzene  
Benzylalcohol  
o-Cresol  
Cresol 
m-cresol  
Catechol  
Acetophenone  
Phenol, 4-vinyl-  
Phenol, 2,6-dimethyl-  
Phenol, 2-ethyl-  
Benzaldehyde, 4-hydroxy-  
Catechol, 3-methyl-  
Phenol, 4-allyl-  
Phenol, 4-propenyl-  
Anisole, 2,4-/2,5-dimethyl-  
Phenol, 2-propyl-  
 
 
 
 
 
 
  281 
Table 132 (continued). 
Guaiacol  
Guaiacol 
Guaiacol, 3-methyl-  
Guaiacol, 4-vinyl-  
Guaiacol, 3-ethyl  
Vanillin  
Syringol  
Eugenol  
Isoeugenol  
Guaiacol, 4-propyl-  
Homovanillin  
Acetoguaiacone  
Syringol, 4-methyl-  
Vanillic acid  
Guaiacol, 4-(oxy-allyl)-  
Coniferaldehyde  
Syringol, 4-vinyl-  
Guaiacyl acetone  
Propioguaiacone  
Coniferyl alcohol  
Syringol, 3-ethyl-  
Dihydroconiferyl alcohol  
Syringaldehyde  
Syringol, 4-allyl-  
Propioguaiacone, alpha-oxy-  
Syringol, 4-propenyl-  
Syringol, 4-propyl-  
Homosyringaldehyde  
Acetosyringone  
Syringol, 4-(oxy-allyl)-  
Sinapaldehyde  
Syringyl acetone  
Propiosyringone  
Sinapyl alcohol  
Propiosyringone, alpha-oxy-  
 
The total area of the identified compounds accounts for typically ~85% of the total chromatogram 
area.  The remainder of the chromatogram area is in numerous very small peaks distributed throughout 
the chromatogram, isomeric or chemically similar compounds to those positively identified. The 
remaining chromatogram area is attributed proportionally to the compound groups. The resulting volatile 
organic product yields (reported as the mass fraction of the original dry oak biomass) are reported in 
Table S31, as well as the final biochar resulting from the third stage (pyrolytic) treatment in the 
Pyroprobe based on tube weight following the third stage thermal treatment. 
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Table 133. Model compound characterization of bio-oil produced via three-stage torrefaction and Pyrolysis 
system, and base-case single stage pyrolysis system. Results are presented as the mass fraction of total input ash-free 
dry biomass, and are based on volatile organic product yields obtained from the Pyroprobe. 
 Multistage Torrefaction and Pyrolysis (Mass Fraction %) Single Stage Pyrolysis (Mass Fraction %) 
Product 1st Stage 2nd Stage Pyrolysis (3rd stage) Total Total 
H2O 9.20 6.80 0.00 16.00 13.20 
Acetic Acid 5.21 1.79 0.39 7.38 8.47 
Acetol 2.34 1.80 1.29 5.43 9.24 
Furan 0.01 0.14 0.09 0.23 0.28 
Furfural 3.99 3.81 0.54 8.33 5.01 
Levoglucosan 0.00 6.89 3.48 10.37 18.44 
Toluene 0.00 0.64 0.23 0.87 0.37 
Guaiacol 2.51 2.26 1.25 6.01 5.86 
Cresol 0.03 0.80 0.28 1.12 1.17 
Biochar - - 10.50 10.50 9.01 
 
In order to accurately measure non-condensable gases and water in the volatilized product, a 
larger-scale micropyrolysis unit was used.  The micropyrolyzer consists of a gram scale reactor and 
utilizes a twin-screw loss-in-weight feeding auger to load the biomass into the reactor. The unit is divided 
into three sections, viz., feeding section, reaction section and collection section. The entire feeding unit 
(comprising hopper, twin-screw auger and motor) rests on a 120 kg capacity scale which continuously 
measures mass of the feeding unit and an automated controls system maintains a constant mass flow-rate. 
In the reaction section, a stainless steel reactor was placed inside an electrical furnace, which acts as a 
heat source and heats the reactor to the desired temperature. The reactor was heated to the desired 
temperature before the biomass was introduced into it. A thermocouple was inserted inside the reactor 
from the bottom to directly measure the biomass temperature. Two streams of nitrogen gas, one to the 
bottom of the reactor and another one to the end of the feeding tube (but above the furnace), were used as 
fluidizing and sweep gas (or carrier gas). The nitrogen gas with a flow rate of 550 ml/min was pre-heated 
by flowing through stainless steel tubing coiled around the reactor before flowing into the reactor from 
the bottom. This pre-heated gas sweeps (or carries) the vapors produced inside the reactor to the 
sequential ice water and liquid nitrogen condensers (or traps) where the vapors were condensed and the 
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liquid was collected for further analyses. The nitrogen flow at the end of feeding tube prevents any vapors 
produced inside the reactor from entering and subsequently condensing in the feeding channel. A cyclone 
separator was positioned in series between the reactor and the condensers to ensure the solid residue was 
not carried into the condensers along with the effluent gas. The effluent gas (carrier gas + non-
condensable gases) exiting the liquid nitrogen condenser flows through the wet test meter before it is 
vented in order to measure the volume of non-condensable gases. Total liquid product includes the liquid 
collected in both the condensers. 
 
 
 
 
 
 
 
 
 
 
Figure 40.  Bench Scale Reactor System 
 
Water content analysis (reported as liquid weight percent) was carried out using a METTLER-
TOLEDO V20 Volumetric Karl Fischer Titration Unit. Typically, 0.01-0.1mg (depending on the water 
content in the liquid sample; larger amount in the case of lower water content) of liquid sample was 
injected into the titration cell using a syringe and the result was displayed as weight percent (wt. %) of the 
injected amount.  It is assumed that the yield of water (grams of water/g of raw oak) obtained from micro-
pyrolyzer for each stage is similar to that obtained from the pyroprobe. 
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During the pyrolysis and torrefaction experiments carried out in the micropyrolysis system, the 
non-condensable gases were quantitatively analyzed using a CARLE® Series 400 Analytical Gas 
Chromatograph (AGC) equipped with a dual thermal conductivity detector. The gas was sampled after the 
ice water condenser using a 20 ml syringe at different reaction times and injected into the AGC. Effluent 
gas flowrate was measured using the wet test meter. PeakSimple Chromatography Software from SRI 
Instruments was used to integrate the chromatogram peaks. After obtaining the peak area, the calibration 
curves were used to estimate the concentration (mole %) of non-condensable gases in the injected 
samples. Finally, the mass of non-condensable gases was calculated by using the effluent gas flowrate and 
assuming STP conditions (one mole of an ideal gas at STP occupies 22.4 liters). Based on GC 
measurements of volatile products from the Pyroprobe coupled with micropyrolysis unit values for H2O 
and non-condensable gases content, the product distributions for each stage are shown in Table 134.  The 
oligomers content was calculated by difference and is defined in equation 41.  
 
Table 134. Model compound characterization of bio-oil produced via three-stage torrefaction and Pyrolysis 
system, and base-case single stage pyrolysis system. Results are presented as the mass fraction of total input ash-free 
dry biomass, and are constructed based on coupling the volatile composition obtained from the Pyroprobe with 
analysis of NCG and water formation obtained from the micropyrolysis unit. 
 Multistage Torrefaction and Pyrolysis (Mass Fraction %) Single Stage Pyrolysis (Mass Fraction %) 
Product 1st Stage 2nd Stage Pyrolysis Total Total 
H2O 9.20 6.80 0.00 16.00 13.20 
Acetic Acid 5.21 1.79 0.39 7.38 8.47 
Acetol 2.34 1.80 1.29 5.43 9.24 
Furan 0.01 0.14 0.09 0.23 0.28 
Furfural 3.99 3.81 0.54 8.33 5.01 
Levoglucosan 0.00 6.89 3.48 10.37 18.44 
Toluene 0.00 0.64 0.23 0.87 0.37 
Guaiacol 2.51 2.26 1.25 6.01 5.86 
Cresol 0.03 0.80 0.28 1.12 1.17 
Oligomers - - - 6.56 4.66 
Bio-Oil (Wet Basis) 23.29 24.92 7.53 55.74 62.04 
Gases 7.20 8.50 11.50 27.20 24.30 
Biochar   10.50 10.50 9.01 
Total 30.49 33.42 29.53 100.00 100.00 
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𝑀𝑀𝑇𝑇𝑜𝑜𝑜𝑜 𝐸𝐸𝐶𝐶𝑇𝑇𝐸𝐸𝑜𝑜𝑅𝑅𝑜𝑜𝑜𝑜
𝑜𝑜𝑐𝑐𝑅𝑅𝑇𝑇𝑜𝑜𝑄𝑄𝛿𝛿𝐶𝐶𝑜𝑜 � = 1    ̶ �
𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜 𝐸𝐸𝐶𝐶𝑇𝑇𝐸𝐸𝑜𝑜𝑅𝑅𝑜𝑜𝑜𝑜 
𝐶𝐶𝑅𝑅𝑜𝑜𝐸𝐸ℎ𝑇𝑇𝐶𝐶
�  ̶  �
𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜 𝐸𝐸𝐶𝐶𝑇𝑇𝐸𝐸𝑜𝑜𝑅𝑅𝑜𝑜𝑜𝑜 
𝑜𝑜𝑜𝑜𝑜𝑜𝐸𝐸𝑜𝑜𝑜𝑜𝑦𝑦𝛿𝛿𝑜𝑜𝑜𝑜𝑇𝑇𝐶𝐶𝑐𝑐𝛿𝛿 𝑇𝑇𝑇𝑇𝑜𝑜𝛿𝛿𝑜𝑜 �  ̶  �𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜 𝐸𝐸𝐶𝐶𝑇𝑇𝐸𝐸𝑜𝑜𝑅𝑅𝑜𝑜𝑜𝑜 𝐺𝐺𝑇𝑇𝑜𝑜𝛿𝛿𝐶𝐶 �  ̶  � 𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜 𝐸𝐸𝐶𝐶𝑇𝑇𝐸𝐸𝑜𝑜𝑅𝑅𝑜𝑜𝑜𝑜 𝐺𝐺𝐶𝐶 − 𝑅𝑅𝑄𝑄𝑇𝑇𝑜𝑜𝑜𝑜𝑅𝑅𝐸𝐸𝑅𝑅𝛿𝛿𝑦𝑦 𝑇𝑇𝑜𝑜𝑐𝑐𝑇𝑇𝑜𝑜𝑅𝑅𝑐𝑐𝛿𝛿𝑜𝑜 �  (41)   
 
In this study, the oligomeric content was assumed to be upgradable and was distributed evenly 
among all the organic compounds, resulting in the product distribution given below in Table 135. The 
data provided in Table 135 provides the analytical basis and underlying framework for the ASPEN 
model. 
 
Table 135. Model compound characterization of bio-oil derived via a three-stage torrefaction and pyrolysis 
design, and comparison with single-stage fast pyrolysis (500 OC). Results are presented as the mass fraction (%) of 
total input ash-free dry biomass. 
 Multistage Torrefaction and Pyrolysis (Mass Fraction %) 
Single Stage Pyrolysis 
(Mass Fraction %) 
Product 1st Stage 2nd Stage Pyrolysis Total Total 
H2O 9.20 6.80 0.00 16.00 13.20 
Acetic Acid 6.06 2.09 0.45 8.60 9.28 
Acetol 2.73 2.10 1.50 6.33 10.12 
Furan 0.01 0.16 0.10 0.27 0.31 
Furfural 4.65 4.43 0.63 9.71 5.49 
Levoglucosan 0.00 8.02 4.05 12.08 20.20 
Toluene 0.00 0.75 0.26 1.01 0.40 
Guaiacol 2.93 2.63 1.45 7.01 6.42 
Cresol 0.04 0.93 0.33 1.30 1.29 
Bio-Oil (Wet Basis) 25.61 27.91 8.78 62.30 66.69 
Gases 7.20 8.50 11.50 27.20 24.30 
Biochar 0.00 0.00 10.50 10.50 9.01 
Total 32.81 36.41 30.78 100.00 100.00 
D.7 WOODY BIOMASS, TORREFIED BIOMASS, AND BIOCHAR COMPOSITION 
Composition of woody and torrefied biomass, was based on experimental data for oak feedstock, obtained 
via the University of Oklahoma, see Table 136. The carbon and hydrogen content in the solid products as 
well as the raw oak was measured using a CE-440 Elemental Analyzer, purchased from Exeter 
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Analytical, Inc. Oxygen content was obtained by difference based on the assumption that the amount of 
other elements (S, Mg, Ca, K, N, etc.) in the raw biomass as well as the solid products is negligible. 
Biochar produced via multistage and base-case single stage pyrolysis system is assumed to have the same 
elemental composition. Further, it is assumed that the elemental composition of solid product obtained 
from micro-pyrolyzer for each stage is similar to that obtained from pyroprobe. 
 
Table 136. Biomass and Biochar Composition 
 Elemental Composition (%) Proximate Analysis 
Parameters 
(Ash Free Dry Basis) C H O Total 
Moisture 
Content 
Ash 
Content 
Volatile 
Matter 
Fixed 
Carbon 
Oak1,2 46.9 6.0 47.1 100 0 0 83.9 16.1 
1st Stage Torrefied Oak1,* 53.9 5.4 40.7 100 0 0 83.9 16.1 
2nd Stage Torrefied Oak1,* 62.9 4.8 32.3 100 0 0 83.9 16.1 
Biochar3 86.1 3.4 10.4 100 0 0 32 68 
1Element composition of Oak and torrefied biomass was based on experimental trials conducted at the University of Oklahoma 
(Personal Communication).  
2The Volatile Mater and Fixed Carbon for woody-biomass were obtained via the Phyllis2 Database 
*Due to data limitations the Volatile Matter and Fixed Carbon for torrefied biomass was assumed to be equivalent to oak 
biomass. 
3Biochar elemental composition and proximate analysis is based on values reported from ref[325]. Elemental composition of 
biochar was adjusted from their original value(s) to conserve total elemental balance (i.e. so that C, H, and O % sum to 100%). 
Biochar produced via multistage and base-case single stage pyrolysis system is assumed to have the same elemental composition.  
D.8 ESTIMATION OF WOODY BIOMASS AND BIOCHAR/ASH HIGHER 
HEATING VALUE 
The higher heating values (HHV) for oak biochar/ash for multistage and fast pyrolysis systems 
are estimated to be 30.8 and 30.2 MJ/kg, respectively, see Table 137. The HHVs are constructed 
based on correlations provided in Channiwala and Parikh [252], see equation 42. 
 
𝑯𝑯𝑯𝑯𝑯𝑯 (𝑴𝑴𝑴𝑴
𝒌𝒌𝑻𝑻
) = 𝟎𝟎.𝟓𝟓𝟑𝟑𝟑𝟑𝟕𝟕 ∗ [𝑪𝑪%] + 𝟕𝟕.𝟕𝟕𝟕𝟕𝟏𝟏𝟓𝟓 ∗ [𝑯𝑯%] + 𝟎𝟎.𝟕𝟕𝟎𝟎𝟓𝟓 ∗ [𝑺𝑺%]− 𝟎𝟎.𝟕𝟕𝟎𝟎𝟓𝟓𝟑𝟑 ∗ [𝑶𝑶%] − 𝟎𝟎.𝟎𝟎𝟕𝟕𝟓𝟓𝟕𝟕 ∗ [𝑵𝑵%] − 𝟎𝟎.𝟎𝟎𝟐𝟐𝟕𝟕𝟕𝟕 ∗ [𝑨𝑨%] (42)      
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Where C%, H%, O%, N%, S%, A% represent the carbon, hydrogen, oxygen, nitrogen, 
sulfur, and ash content respectively, expressed in mass percentages on a dry basis.   
 
Table 137. Estimation of Biochar/Ash Higher Heating Value for Woody Biomass 
Parameter C H O Ash HHV (MJ/kg) Fast Pyrolysis - Biochar/Ash Dry Basis (kg/hr) 6376.4 254.2 772.4 1141.7 - Elemental Fraction (%) 74.6 3.0 9.0 13.4 30.2 Multistage Torrefaction/Pyrolysis -Biochar/Ash Dry Basis (kg/hr) 7434.4 296.3 900.5 1141.7 - Elemental Fraction (%) 76.1 3.0 9.2 11.7 30.8  
D.9 CATALYTIC UPGRADING STRATEGIES 
Process yields for catalytic upgrading strategies (ketonization, alkylation, hydrogenation, 
hydrodeoxygenation) were modeled using equilibrium design blocks in AspenPlus. Specific 
reaction stoichiometry considered for each of the strategies is described below. 
D.9.1 Ketonization 
In ketonization two carboxylic acids react to form a ketone, producing carbon dioxide and water 
as by-products in the reaction, see equation 43. 
 R1COOH + R2COOH → R1COR2 + CO2 + H2O     (43) 
 
Using equation 43, all possible ketones that can be produced via ketonization of 
carboxylic acids in bio-oil, are provided in Table 138.  
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Table 138. Ketonization Products 
KET# Carboxylic Acid  Carboxylic Acid Ketone Product 1 Product 2 
KET1 CH2O2  CH2O2 CH2O H2O CO2 
KET2 CH2O2 C2H4O2 C2H4O H2O CO2 
KET3 CH2O2 C3H4O3 C3H4O2 H2O CO2 
KET4 CH2O2 C4H4O4 C4H4O3 H2O CO2 
KET5 CH2O2 C4H6O4 C4H6O3 H2O CO2 
KET6 CH2O2 C6H12O7 C6H12O6 H2O CO2 
KET7 C2H4O2 C2H4O2 C3H6O H2O CO2 
KET8 C2H4O2 C3H4O3 C4H6O2 H2O CO2 
KET9 C2H4O2 C4H4O4 C5H6O3 H2O CO2 
KET10 C2H4O2 C4H6O4 C5H8O3 H2O CO2 
KET11 C2H4O2 C6H12O7 C7H14O6 H2O CO2 
KET12 C3H4O3 C3H4O3 C5H6O3 H2O CO2 
KET13 C3H4O3 C4H4O4 C6H6O4 H2O CO2 
KET14 C3H4O3 C4H6O4 C6H8O4 H2O CO2 
KET15 C3H4O3 C6H12O7 C8H14O7 H2O CO2 
KET16 C4H4O4 C4H4O4 C7H6O5 H2O CO2 
KET17 C4H4O4 C4H6O4 C7H8O5 H2O CO2 
KET18 C4H4O4 C6H12O7 C9H14O8 H2O CO2 
KET19 C4H6O4 C4H6O4 C7H10O5 H2O CO2 
KET20 C4H6O4 C6H12O7 C9H16O8 H2O CO2 
KET21 C6H12O7 C6H12O7 C11H22O11 H2O CO2 
D.9.2 Alkylation 
During alkylation, an alkylating agent is utilized to upgrade furanic and phenolic compounds, 
producing a higher carbon chain alkylate as well as H2O, see equation 44. Alkylates formed via 
alkylation of different reagents and alkylating agents is provided in Table 139.  
 
𝐶𝐶𝐻𝐻𝐻𝐻𝑁𝑁𝐸𝐸𝐹𝐹 + 𝐶𝐶𝐹𝐹𝐻𝐻𝐿𝐿𝐸𝐸𝑓𝑓 → 𝐶𝐶𝐻𝐻+𝐹𝐹𝐻𝐻𝑁𝑁+𝐿𝐿−2𝐸𝐸𝐹𝐹+𝑓𝑓−1 + 𝐻𝐻2𝐸𝐸    (44) 
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Table 139. Alkylation Products 
 Reagent 
Alkylating 
Agent Alkylate 
Reagent 
 
Alkylating  
Agent  
Alkylate  
 
C H O C H O C H O 
A
lk
yl
at
io
n 
#1
 
Furan Ethylene Glycol 
ALK1 
(C6H8O2) 4 4 1 2 6 2 6 8 2 
Furan Propylene Glycol 
ALK2 
(C7H10O2) 4 4 1 3 8 2 7 10 2 
Furan Isopropanol ALK3 (C7H10O1) 4 4 1 3 8 1 7 10 1 
Furan Butylene Glycol 
ALK4 
(C8H12O2) 4 4 1 4 10 2 8 12 2 
Methylfuran Ethylene Glycol 
ALK5 
(C7H10O2) 5 6 1 2 6 2 7 10 2 
Methylfuran Propylene Glycol 
ALK6  
(C8H12O2) 5 6 1 3 8 2 8 12 2 
Methylfuran Isopropanol ALK7 (C8H12O1) 5 6 1 3 8 1 8 12 1 
Methylfuran Butylene Glycol 
ALK8 
(C9H14O2) 5 6 1 4 10 2 9 14 2 
Guaiacol Ethylene Glycol 
ALK9 
(C9H12O3) 7 8 2 2 6 2 9 12 3 
Guaiacol Propylene Glycol 
ALK10 
(C10H14O3) 7 8 2 3 8 2 10 14 3 
Guaiacol Isopropanol ALK11 (C10H14O2) 7 8 2 3 8 1 10 14 2 
Guaiacol Butylene Glycol 
ALK12 
(C11H16O3) 7 8 2 4 10 2 11 16 3 
Cresol Ethylene Glycol 
ALK13 
(C9H12O2) 7 8 1 2 6 2 9 12 2 
Cresol Propylene Glycol 
ALK14 
(C10H14O2) 7 8 1 3 8 2 10 14 2 
Cresol Isopropanol ALK15 (C10H14O1) 7 8 1 3 8 1 10 14 1 
Cresol Butylene Glycol 
ALK16 
(C11H16O2) 7 8 1 4 10 2 11 16 2 
Toluene Ethylene Glycol 
ALK17 
(C9H12O1) 7 8 0 2 6 2 9 12 1 
Toluene Propylene Glycol 
ALK18 
(C10H14O1) 7 8 0 3 8 2 10 14 1 
Toluene Isopropanol ALK19 (C10H14) 7 8 0 3 8 1 10 14 0 
Toluene Butylene Glycol 
ALK20 
(C11H16O1) 7 8 0 4 10 2 11 16 1 
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Table 139 (continued). 
A
lk
yl
at
io
n 
#2
 
ALK1 
(C6H8O2) 
Ethylene 
Glycol 
2ALK1 
(C8H12O3) 6 8 2 2 6 2 8 12 3 
ALK1 
(C6H8O2) 
Propylene 
Glycol 
2ALK2 
(C9H14O3) 6 8 2 3 8 2 9 14 3 
ALK1 
(C6H8O2) Isopropanol 
2ALK3 
(C9H14O2) 6 8 2 3 8 1 9 14 2 
ALK1 
(C6H8O2) 
Butylene 
Glycol 
2ALK4 
(C10H16O3) 6 8 2 4 10 2 10 16 3 
ALK2 
(C7H10O2) 
Ethylene 
Glycol 
2ALK5 
(C9H14O3) 7 10 2 2 6 2 9 14 3 
ALK2 
(C7H10O2) 
Propylene 
Glycol 
2ALK6 
(C10H16O3) 7 10 2 3 8 2 10 16 3 
ALK2 
(C7H10O2) Isopropanol 
2ALK7 
(C10H16O2) 7 10 2 3 8 1 10 16 2 
ALK2 
(C7H10O2) 
Butylene 
Glycol 
2ALK8 
(C11H18O3) 7 10 2 4 10 2 11 18 3 
ALK3 
(C7H10O1) 
Ethylene 
Glycol 
2ALK9 
(C9H14O2) 7 10 1 2 6 2 9 14 2 
ALK3 
(C7H10O1) 
Propylene 
Glycol 
2ALK10 
(C10H16O2) 7 10 1 3 8 2 10 16 2 
ALK3 
(C7H10O1) Isopropanol 
2ALK11 
(C10H16O1) 7 10 1 3 8 1 10 16 1 
ALK3 
(C7H10O1) 
Butylene 
Glycol 
2ALK12 
(C11H18O2) 7 10 1 4 10 2 11 18 2 
ALK4 
(C8H12O2) 
Ethylene 
Glycol 
2ALK13 
(C10H16O3) 8 12 2 2 6 2 10 16 3 
ALK4 
(C8H12O2) 
Propylene 
Glycol 
2ALK14 
(C11H18O3) 8 12 2 3 8 2 11 18 3 
ALK4 
(C8H12O2) Isopropanol 
2ALK15 
(C11H18O2) 8 12 2 3 8 1 11 18 2 
ALK4 
(C8H12O2) 
Butylene 
Glycol 
2ALK16 
(C12H20O3) 8 12 2 4 10 2 12 20 3 
ALK5 
(C7H10O2) 
Ethylene 
Glycol 
2ALK17 
(C9H14O3) 7 10 2 2 6 2 9 14 3 
ALK5 
(C7H10O2) 
Propylene 
Glycol 
2ALK18 
(C10H16O3) 7 10 2 3 8 2 10 16 3 
ALK5 
(C7H10O2) Isopropanol 
2ALK19 
(C10H16O2) 7 10 2 3 8 1 10 16 2 
ALK5 
(C7H10O2) 
Butylene 
Glycol 
2ALK20 
(C11H18O3) 7 10 2 4 10 2 11 18 3 
ALK6 
(C8H12O2) 
Ethylene 
Glycol 
2ALK21 
(C10H16O3) 8 12 2 2 6 2 10 16 3 
ALK6 
(C8H12O2) 
Propylene 
Glycol 
2ALK22 
(C11H18O3) 8 12 2 3 8 2 11 18 3 
ALK6 
(C8H12O2) Isopropanol 
2ALK23 
(C11H18O2) 8 12 2 3 8 1 11 18 2 
ALK6 
(C8H12O2) 
Butylene 
Glycol 
2ALK24 
(C12H20O3) 8 12 2 4 10 2 12 20 3 
ALK7 
(C8H12O1) 
Ethylene 
Glycol 
2ALK25 
(C10H16O2) 8 12 1 2 6 2 10 16 2 
ALK7 
(C8H12O1) 
Propylene 
Glycol 
2ALK26 
(C11H18O2) 8 12 1 3 8 2 11 18 2 
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Table 139 (continued). 
A
lk
yl
at
io
n 
#2
 
ALK7 
(C8H12O1) Isopropanol 
2ALK27 
(C11H18O1) 8 12 1 3 8 1 11 18 1 
ALK7 
(C8H12O1) 
Butylene 
Glycol 
2ALK28 
(C12H20O2) 8 12 1 4 10 2 12 20 2 
ALK8 
(C9H14O2) 
Ethylene 
Glycol 
2ALK29 
(C11H18O3) 9 14 2 2 6 2 11 18 3 
ALK8 
(C9H14O2) 
Propylene 
Glycol 
2ALK30 
(C12H20O3) 9 14 2 3 8 2 12 20 3 
ALK8 
(C9H14O2) Isopropanol 
2ALK31 
(C12H20O2) 9 14 2 3 8 1 12 20 2 
ALK8 
(C9H14O2) 
Butylene 
Glycol 
2ALK32 
(C13H22O3) 9 14 2 4 10 2 13 22 3 
ALK9 
(C9H12O3) 
Ethylene 
Glycol 
2ALK33 
(C11H16O4) 9 12 3 2 6 2 11 16 4 
ALK9 
(C9H12O3) 
Propylene 
Glycol 
2ALK34 
(C12H18O4) 9 12 3 3 8 2 12 18 4 
ALK9 
(C9H12O3) Isopropanol 
2ALK35 
(C12H18O3) 9 12 3 3 8 1 12 18 3 
ALK9 
(C9H12O3) 
Butylene 
Glycol 
2ALK36 
(C13H20O4) 9 12 3 4 10 2 13 20 4 
ALK0 
(C10H14O3) 
Ethylene 
Glycol 
2ALK37 
(C12H18O4) 10 14 3 2 6 2 12 18 4 
ALK10 
(C10H14O3) 
Propylene 
Glycol 
2ALK38 
(C13H20O4) 10 14 3 3 8 2 13 20 4 
ALK10 
(C10H14O3) Isopropanol 
2ALK39 
(C13H20O3) 10 14 3 3 8 1 13 20 3 
ALK10 
(C10H14O3) 
Butylene 
Glycol 
2ALK40 
(C14H22O4) 10 14 3 4 10 2 14 22 4 
ALK11 
(C10H14O2) 
Ethylene 
Glycol 
2ALK41 
(C12H18O3) 10 14 2 2 6 2 12 18 3 
ALK11 
(C10H14O2) 
Propylene 
Glycol 
2ALK42 
(C13H20O3) 10 14 2 3 8 2 13 20 3 
ALK11 
(C10H14O2) Isopropanol 
2ALK43 
(C13H20O2) 10 14 2 3 8 1 13 20 2 
ALK11 
(C10H14O2) 
Butylene 
Glycol 
2ALK44 
(C14H22O3) 10 14 2 4 10 2 14 22 3 
ALK12 
(C11H16O3) 
Ethylene 
Glycol 
2ALK45 
(C13H20O4) 11 16 3 2 6 2 13 20 4 
ALK12 
(C11H16O3) 
Propylene 
Glycol 
2ALK46 
(C14H22O4) 11 16 3 3 8 2 14 22 4 
ALK12 
(C11H16O3) Isopropanol 
2ALK47 
(C14H22O3) 11 16 3 3 8 1 14 22 3 
ALK12 
(C11H16O3) 
Butylene 
Glycol 
2ALK48 
(C15H24O4) 11 16 3 4 10 2 15 24 4 
ALK13 
(C9H12O2) 
Ethylene 
Glycol 
2ALK49 
(C11H16O3) 9 12 2 2 6 2 11 16 3 
ALK13 
(C9H12O2) 
Propylene 
Glycol 
2ALK50 
(C12H18O3) 9 12 2 3 8 2 12 18 3 
AlLK13 
(C9H12O2) Isopropanol 
2ALK51 
(C12H18O2) 9 12 2 3 8 1 12 18 2 
ALK13 
(C9H12O2) 
Butylene 
Glycol 
2ALK52 
(C13H20O3) 9 12 2 4 10 2 13 20 3 
ALK14 
(C10H14O2) 
Ethylene 
Glycol 
2ALK53 
(C12H18O3) 10 14 2 2 6 2 12 18 3 
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Table 139 (continued). 
A
lk
yl
at
io
n 
#2
 
ALK14 
(C10H14O2) 
Propylene 
Glycol 
2ALK54 
(C13H20O3) 10 14 2 3 8 2 13 20 3 
ALK14 
(C10H14O2) Isopropanol 
2ALK55 
(C13H20O2) 10 14 2 3 8 1 13 20 2 
ALK14 
(C10H14O2) 
Butylene 
Glycol 
2ALK56 
(C14H22O3) 10 14 2 4 10 2 14 22 3 
ALK15 
(C10H14O1) 
Ethylene 
Glycol 
2ALK57 
(C12H18O2) 10 14 1 2 6 2 12 18 2 
ALK15 
(C10H14O1) 
Propylene 
Glycol 
2ALK58 
(C13H20O2) 10 14 1 3 8 2 13 20 2 
ALK15 
(C10H14O1) Isopropanol 
2ALK59 
(C13H20O1) 10 14 1 3 8 1 13 20 1 
ALK15 
(C10H14O1) 
Butylene 
Glycol 
2ALK60 
(C14H22O2) 10 14 1 4 10 2 14 22 2 
ALK16 
(C11H16O2) 
Ethylene 
Glycol 
2ALK61 
(C13H20O3) 11 16 2 2 6 2 13 20 3 
ALK16 
(C11H16O2) 
Propylene 
Glycol 
2ALK62 
(C14H22O3) 11 16 2 3 8 2 14 22 3 
ALK16 
(C11H16O2) Isopropanol 
2ALK63 
(C14H22O2) 11 16 2 3 8 1 14 22 2 
ALK16 
(C11H16O2) 
Butylene 
Glycol 
2ALK64 
(C15H24O3) 11 16 2 4 10 2 15 24 3 
ALK17 
(C9H12O1) 
Ethylene 
Glycol 
2ALK65 
(C11H16O2) 9 12 1 2 6 2 11 16 2 
ALK17 
(C9H12O1) 
Propylene 
Glycol 
2ALK66 
(C12H18O2) 9 12 1 3 8 2 12 18 2 
ALK17 
(C9H12O1) Isopropanol 
2ALK67 
(C12H18O1) 9 12 1 3 8 1 12 18 1 
ALK17 
(C9H12O1) 
Butylene 
Glycol 
2ALK68 
(C13H20O2) 9 12 1 4 10 2 13 20 2 
ALK18 
(C10H14O1) 
Ethylene 
Glycol 
2ALK69 
(C12H18O2) 10 14 1 2 6 2 12 18 2 
ALK18 
(C10H14O1) 
Propylene 
Glycol 
2ALK70 
(C13H20O2) 10 14 1 3 8 2 13 20 2 
ALK18 
(C10H14O1) Isopropanol 
2ALK71 
(C13H20O1) 10 14 1 3 8 1 13 20 1 
ALK18 
(C10H14O1) 
Butylene 
Glycol 
2ALK72 
(C14H22O2) 10 14 1 4 10 2 14 22 2 
ALK19 
(C10H14) 
Ethylene 
Glycol 
2ALK73 
(C12H18O1) 10 14 0 2 6 2 12 18 1 
ALK19 
(C10H14) 
Propylene 
Glycol 
2ALK74 
(C13H20O1) 10 14 0 3 8 2 13 20 1 
ALK19 
(C10H14) Isopropanol 
2ALK75 
(C13H20) 10 14 0 3 8 1 13 20 0 
ALK19 
(C10H14) 
Butylene 
Glycol 
2ALK76 
(C14H22O1) 10 14 0 4 10 2 14 22 1 
ALK20 
(C11H16O1) 
Ethylene 
Glycol 
2ALK77 
(C13H20O2) 11 16 1 2 6 2 13 20 2 
ALK20 
(C11H16O1) 
Propylene 
Glycol 
2ALK78 
(C14H22O2) 11 16 1 3 8 2 14 22 2 
ALK20 
(C11H16O1) Isopropanol 
2ALK79 
(C14H22O1) 11 16 1 3 8 1 14 22 1 
ALK20 
(C11H16O1) 
Butylene 
Glycol 
2ALK80 
(C15H24O2) 11 16 1 4 10 2 15 24 2 
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D.9.3 Hydrolysis and Oxidation 
During hydrolysis and oxidation bio-oil compounds are converted to carboxylic acids via the use 
of an oxidizing agent, see equations 45 to 48. 
 
𝐶𝐶3𝐻𝐻6𝐸𝐸2 +  2𝐻𝐻2𝐸𝐸2 → 𝐶𝐶3𝐻𝐻4𝐸𝐸3 + 3𝐻𝐻2𝐸𝐸      (45) 
 
𝐶𝐶4𝐻𝐻4𝐸𝐸 +  3𝐻𝐻2𝐸𝐸2 → 𝐶𝐶4𝐻𝐻4𝐸𝐸4 + 3𝐻𝐻2𝐸𝐸      (46) 
 
𝐶𝐶5𝐻𝐻4𝐸𝐸2 +  2𝐻𝐻2𝐸𝐸2 → 𝐶𝐶4𝐻𝐻6𝐸𝐸4 + 𝐶𝐶𝐻𝐻2𝐸𝐸2     (47) 
 
𝐶𝐶6𝐻𝐻10𝐸𝐸5 + 𝐻𝐻2𝐸𝐸2 → 𝐶𝐶6𝐻𝐻12𝐸𝐸7       (48) 
D.9.4 Hydrogenation 
Hydrogenation utilizes mild hydro-processing conditions to convert bio-oils compounds to stable 
intermediates, see equations 49 to 53. 
 
𝐶𝐶2𝐻𝐻4𝐸𝐸2 +  3𝐻𝐻2 → 𝐶𝐶2𝐻𝐻6 + 2𝐻𝐻2𝐸𝐸      (49) 
 
𝐶𝐶3𝐻𝐻6𝐸𝐸2 +  𝐻𝐻2 → 𝐶𝐶3𝐻𝐻8𝐸𝐸2       (50) 
 
𝐶𝐶3𝐻𝐻6𝐸𝐸 +  𝐻𝐻2 → 𝐶𝐶3𝐻𝐻8𝐸𝐸       (51) 
 
𝐶𝐶5𝐻𝐻4𝐸𝐸2 +  2𝐻𝐻2 → 𝐶𝐶5𝐻𝐻6𝐸𝐸1 + 𝐻𝐻2𝐸𝐸      (52) 
 2𝐶𝐶6𝐻𝐻10𝐸𝐸5 +  8𝐻𝐻2 → 𝐶𝐶2𝐻𝐻6𝐸𝐸2 + 2𝐶𝐶3𝐻𝐻8𝐸𝐸2 + 𝐶𝐶4𝐻𝐻10𝐸𝐸2 + 2𝐻𝐻2𝐸𝐸   (53) 
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D.9.5 Hydrodeoxygenation 
Hydrodeoxygenation utilizes severe hydroprocessing conditions to completely remove oxygen 
from bio-oil compounds, producing water as a byproduct. A generalized form of the reaction is 
defined in equation 54. The set of all possible reactions considered in HDO are provided in Table 
140. 
 
𝐶𝐶𝐻𝐻𝐻𝐻𝑁𝑁𝐸𝐸𝐹𝐹 + (𝐹𝐹−𝑁𝑁+2𝐹𝐹2 )𝐻𝐻2 → 𝐶𝐶𝐻𝐻𝐻𝐻𝐹𝐹 + 𝐸𝐸𝐻𝐻2𝐸𝐸     (54) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  295 
Table 140. Hydrodeoygenation - Products 
HDO Reactions Reaction Stoichiometry 
Acetic Acid + Hydrogen = Ethane + Water C2H4O2 + 3H2 = C2H6 + 2H2O 
Formic Acid + Hydrogen = Methane + H2O CH2O2+3H2 = CH4+2H2O 
Pyruvic Acid + Hydrogen = Propane + H2O C3H4O3 + 5H2 = C3H8+3H2O 
Maleic Acid + Hydrogen = Butane + H2O C4H4O4 + 7H2 = C4H10  + 4H2O 
Succinic Acid + Hydrogen = Butane + H2O C4H6O4 + 6H2 = C4H10  + 4H2O 
Glucionic Acid + Hydrogen = Hexane + H2O C6H12O7 + 8H2 = C6H14  + 7H2O 
Acetone + Hydrogen = Propane + Water C3H6O + 2H2 = C3H8 + H2O 
Isopropanol + Hydrogen = Propane + Water C3H8O+H2=C3H8+H2O 
Ethylene Glycol + Hydrogen = Ethane + Water C2H6O2 + 2H2 = C2H6 + 2H2O 
Propylene Glycol + Hydrogen = Ethane + Water C3H8O2+ 2H2 = C3H8 + 2H2O 
Butylene Glycol + Hydrogen = Ethane + Water C4H10O2 + 2H2 = C4H10 + 2H2O 
Acetol + Hydrogen = Propane + Water C3H6O2 + 3H2 = C3H8 + 2H2O 
Furan + Hydrogen = Butane + Water C4H4O + 4H2 = C4H10 + H2O 
Furfural + Hydrogen = Pentane + Water C5H4O2 + 6H2 = C5H12 + 2H2O 
Methylfuran + Hydrogen = Pentane + Water C5H6O + 4H2 = C5H12 + H2O 
Levoglucosan + Hydrogen = Ethane + Propane + Butane + Water 2C6H10O5 + 10H2 = C2H6 + 2C3H8 + C4H10 + 10H2O 
Guaiacol + Hydrogen = Cresol + Water C7H8O2 +H2 = C7H8O + H2O 
Cresol + Hydrogen = Toluene + Water C7H8O +H2 = C7H8 + H2O 
Ket1 + Hydrogen = Methane  + Water C1H2O1 + 2H2 = CH4 + H2O 
Ket2 + Hydrogen = Ethane  + Water C2H4O1 + 2H2 = C2H6 + H2O 
Ket3 + Hydrogen = Propane  + Water C3H4O2+ 4H2 = C3H8 + 2H2O 
Ket4 + Hydrogen = Butane  + Water C4H4O3+ 6H2 = C4H10 +3 H2O 
Ket5 + Hydrogen = Butane  + Water C4H6O3+ 5H2 = C4H10 + 3H2O 
Ket6 + Hydrogen = Hexane  + Water C6H12O6+ 7H2 = C6H14 + 6H2O 
Ket8 + Hydrogen = Butane  + Water C4H6O2+ 4H2 = C4H10 + 2H2O 
Ket9 + Hydrogen = Pentane  + Water C5H6O3+ 6H2 = C5H12 + 3H2O 
Ket10 + Hydrogen = Pentane  + Water C5H8O3+ 5H2 = C5H12 + 3H2O 
Ket11 + Hydrogen = Heptane  + Water C7H14O6+ 7H2 = C7H16 + 6H2O 
Ket12 + Hydrogen = Pentane  + Water C5H6O3+ 6H2 = C5H12 + 3H2O 
Ket13 + Hydrogen = Hexane  + Water C6H6O4+ 8H2 = C6H14 + 4H2O 
Ket14 + Hydrogen = Hexane  + Water C6H8O4+ 7H2 = C6H14 + 4H2O 
Ket15 + Hydrogen = Octane  + Water C8H14O7+ 9H2 = C8H18 + 7H2O 
Ket16 + Hydrogen = Heptane  + Water C7H6O5+ 10H2 = C7H16 + 5H2O 
Ket17 + Hydrogen = Heptane  + Water C7H8O5+ 9H2 = C7H16 + 5H2O 
Ket18 + Hydrogen = Nonane  + Water C9H14O8+ 11H2 = C9H20 + 8H2O 
Ket19 + Hydrogen = Heptane  + Water C7H10O5+ 8H2 = C7H16 + 5H2O 
Ket20 + Hydrogen = Nonane  + Water C9H16O8+ 10H2 = C9H20 + 8H2O 
Ket21 + Hydrogen = Undecane  + Water C11H22O11+ 12H2 = C11H24 + 11H2O 
1ALK1 + Hydrogen = Hexane + Water C6H8O2 + 5H2 = C6H14 + 2H2O 
1ALK2 + Hydrogen = Heptane + Water C7H10O2+ 5H2 = C7H16 + 2H2O 
1ALK3 + Hydrogen = Heptane + Water C7H10O1+ 4H2 =C7H16 + H2O 
1ALK4 + Hydrogen = Octane + Water C8H12O2+ 5H2 = C8H18 + 2H2O 
1ALK5 + Hydrogen = Heptane + Water C7H10O2+ 5H2 = C7H16 + 2H2O 
1ALK6 + Hydrogen = Octane + Water C8H12O2+ 5H2 = C8H18 + 2H2O 
1ALK7 + Hydrogen = Octane + Water C8H12O1+ 4H2 = C8H18 + H2O 
1ALK8 + Hydrogen = Nonane + Water C9H14O2+ 5H2 = C9H20 + 2H2O 
1ALK9 + Hydrogen = HDO1 + Water C9H12O3+ 2H2 = C9H12O + 2H2O 
1ALK10 + Hydrogen = HDO2 + Water C10H14O3+ 2H2 = C10H14O + 2H2O 
1ALK11 + Hydrogen = HDO3 + Water C10H14O2+ H2 = C10H14O + H2O 
1ALK12 + Hydrogen = HDO4 + Water C11H16O3+ 2H2 = C11H16O + 2H2O 
1ALK13 + Hydrogen = HDO5 + Water C9H12O2+ 2H2 = C9H12 + 2H2O 
1ALK14 + Hydrogen = HDO6 + Water C10H14O2+ 2H2 = C10H14 + 2H2O 
1ALK15 + Hydrogen = HDO7 + Water C10H14O1+ H2 = C10H14 + H2O 
1ALK16 + Hydrogen = HDO8 + Water C11H16O2+ 2H2 = C11H16 + 2H2O 
1ALK17 + Hydrogen = HDO9 + Water C9H12O1+ H2 = C9H12 + H2O 
1ALK18 + Hydrogen = HDO10 + Water C10H14O1+ H2 = C10H14 + H2O 
1ALK19 + Hydrogen = HDO11 + Water C10H14 + H2 = C10H14 + H2O 
1ALK20 + Hydrogen = HDO12 + Water C11H16O1+ H2 = C11H16 + H2O 
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Table 140 (continued). 
 
2ALK1 + Hydrogen = Octane + Water C8H12O3 + 6H2 = C8H18 + 3H2O 
2ALK2 + Hydrogen = Nonane + Water C9H14O3 + 6 H2 = C9H20 + 3H2O 
2ALK3 + Hydrogen = Nonane + Water C9H14O2 + 5H2 = C9H20 + 2H2O 
2ALK4 + Hydrogen = Decane + Water C10H16O3 + 6H2 = C10H22 + 3H2O 
2ALK5 + Hydrogen = Decane + Water  C10H16O3 + 6H2 = C10H22 + 3H2O 
2ALK6 + Hydrogen = Decane + Water C10H16O2 + 5H2 = C10H22 + 2H2O 
2ALK7 + Hydrogen = Undecane + Water C11H18O3 + 6H2 = C11H24 + 3H2O 
2ALK8 + Hydrogen = Decane + Water  C10H16O1 + 4H2 = C10H22 + H2O 
2ALK9 + Hydrogen = Undecane + Water C11H18O2 + 5H2 = C11H24 + 2H2O 
2ALK10 + Hydrogen = Dodecane + Water C12H20O3 + 6H2 = C12H26 + 3H2O 
2ALK11 + Hydrogen = Nonane + Water C9H14O3 + 6H2 = C9H20 + 3H2O 
2ALK12 + Hydrogen = Decane + Water C10H16O3 + 6H2 = C10H22 + 3H2O 
2ALK13 + Hydrogen = Decane + Water C10H16O2 + 5H2 = C10H22 + 2H2O 
2ALK14 + Hydrogen = Undecane + Water C11H18O3 + 6H2 = C11H24 + 3H2O 
2ALK15 + Hydrogen = Undecane + Water C11H18O3 + 6H2 = C11H24 + 3H2O 
2ALK16 + Hydrogen = Undecane + Water C11H18O2 + 5H2 = C11H24 + 2H2O 
2ALK17 + Hydrogen = Dodecane + Water C12H20O3 + 6H2 = C12H26 + 3H2O 
2ALK18 + Hydrogen = Undecane + Water C11H18O1 + 4H2 = C11H24 + H2O 
2ALK19 + Hydrogen = Dodecane + Water C12H20O2 + 5H2 = C12H26 + 2H2O 
2ALK20 + Hydrogen = Tridecane + Water C13H22O3 + 6H2 = C13H28 + 3H2O 
2ALK21 + Hydrogen = HDO13 + Water C11H16O4 + 3H2 = C11H16O + 3H2O 
2ALK22 + Hydrogen = HDO14 + Water C12H18O4 + 3H2 = C12H18O + 3H2O 
2ALK23 + Hydrogen = HDO15 + Water C12H18O3 + 2H2 = C12H18O + 2H2O 
2ALK24 + Hydrogen = HDO16 + Water C13H20O4 + 3H2 = C13H20O + 3H2O 
2ALK25 + Hydrogen = HDO17 + Water C13H20O4 + 3H2 = C13H20O + 3H2O 
2ALK26 + Hydrogen = HDO18 + Water C13H20O3 + 2H2 = C13H20O + 2H2O 
2ALK27 + Hydrogen = HDO19 + Water C14H22O4 + 3H2 =C14H22O + 3H2O 
2ALK28 + Hydrogen = HDO20 + Water C13H20O2 + H2 = C13H20O + H2O 
2ALK29 + Hydrogen = HDO21 + Water C14H22O3 + 2H2 = C14H22O + 2H2O 
2ALK30 + Hydrogen = HDO22 + Water C15H24O4 + 3H2 = C15H24O + 3H2O 
2ALK31 + Hydrogen = HDO23 + Water C11H16O3 + 3H2 = C11H16 + 3H2O 
2ALK32 + Hydrogen = HDO24 + Water C12H18O3 + 3H2 = C12H18 + 3H2O 
2ALK33 + Hydrogen = HDO25 + Water C12H18O2 + 2H2 = C12H18 + 2H2O 
2ALK34 + Hydrogen = HDO26 + Water C13H20O3 + 3H2 = C13H20 + 3H2O 
2ALK35 + Hydrogen = HDO27 + Water C13H20O3 + 3H2 = C13H20 + 3H2O 
2ALK36 + Hydrogen = HDO28 + Water C13H20O2 + 2H2 = C13H20 + 2H2O 
2ALK37 + Hydrogen = HDO29 + Water C14H22O3 + 3H2 = C14H22 + 3H2O 
2ALK38 + Hydrogen = HDO30 + Water C13H20O1 + H2 = C13H20 + H2O 
2ALK39 + Hydrogen = HDO31 + Water C14H22O2 + 2H2 = C14H22 + 2H2O 
2ALK40 + Hydrogen = HDO32 + Water C15H24O3 + 3H2 = C15H24 + 3H2O 
2ALK41 + Hydrogen = HDO33 + Water C11H16O2 + 2H2 = C11H16 + 2H2O 
2ALK42 + Hydrogen = HDO34 + Water C12H18O2 + 2H2 = C12H18 + 2H2O 
2ALK43 + Hydrogen = HDO35 + Water C12H18O1 + H2 = C12H18 + H2O 
2ALK44 + Hydrogen = HDO36 + Water C13H20O2 + 2H2 = C13H20 + 2H2O 
2ALK45 + Hydrogen = HDO37 + Water C13H20O2 + 2H2 = C13H20 + 2H2O 
2ALK46 + Hydrogen = HDO38 + Water C13H20O1 + H2 = C13H20 + H2O 
2ALK47 + Hydrogen = HDO39 + Water C14H22O2 + 2H2 = C14H22 + 2H2O 
2ALK48 + Hydrogen = HDO40 + Water C13H20O0 + 0H2 = C13H20 + 0H2O 
2ALK49 + Hydrogen = HDO41 + Water C14H22O1 + H2 = C14H22 + H2O 
2ALK50 + Hydrogen = HDO42 + Water C15H24O2 + 2H2 = C15H24 + 2H2O 
*1ALK19 and 2ALK48 are unaffected by HDO as the oxygen content of these compounds is null. 
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Several multistage design cases, consisting of different catalytic strategies for upgrading 
fractionated bio-oil are considered. A detailed summary of the multistage systems is provided 
below. 
Multistage System 1 upgrades bio-oil fractions independently, targeting promising 
conversion pathways based on the composition of each stream. In this configuration, stage 1 bio-
oil undergoes ketonization (180 OC, 27 atm) to convert carboxylic acids (acetic acid) to ketones 
(acetone) and byproducts (CO2, H2O). Mild hydrogenation (100 OC, 27 atm) is performed to 
convert acetol to propylene glycol, acetone to isopropanol, and furfural to 2-methylfuran, 
producing water as a secondary product in the reaction. Post hydrogenation, stage 1 bio-oil is 
sent to an alkylation reactor (125 OC, 27 atm) in which alcohols act as alkylating agents to 
upgrade furanics (furan and 2-methylfuran) and aromatics (guaiacol, cresol, toluene) producing 
alkylates as well as water as a secondary product in the reaction. Stage 2 bio-oil undergoes an 
initial hydrolysis and oxidation (80 OC, 1 atm) step, using hydrogen-peroxide as an oxidizing 
agent to convert levoglucosan to glucionic acid, furfural to succinic and formic acid, furan to 
maleic acid, and acetol to pyruvic acid. Stage 2 bio-oil is sent to a ketonization reactor (360 0C, 
27 atm), which converts carboxylic acids into ketones ranging from C1-C11 in carbon chain 
length, producing H2O and CO2 as byproducts. Stage 3 bio-oil is hydrogenated (100 0C, 27 atm), 
decomposing levoglucosan into alcohols (Ethylene Glycol, Propylene Glycol, Butylene Glycol), 
and converting acetic acid to ethane, acetol to propylene glycol, furfural to 2-methylfuran, 
producing water as a byproduct in the reaction. Stage 3 bio-oil is subsequently sent to an 
alkylation reactor (125 0C, 27 atm) in which alcohols act as alkylating agents to upgrade furanics 
(furan and 2-methylfuran) and aromatics (guaiaicol, cresol, toluene) producing alkylates as well 
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as byproduct H2O. All streams are hydrodeoxygenated (400 0C, 55 atm) for removal of oxygen 
from bio-oil compounds, forming H2O in the reaction.  
Multistage System 2 employs an integrated strategy, upgrading stage 1 & 2 bio-oil 
concurrently. In this design, hydrolysis and oxidation (80 0C, 1 atm) using H2O2 as an oxidizing 
agent, is utilized to convert light oxygenates, furanics, and anhydrosugars present in stage 1 & 2 
bio-oil, into a host of carboxylic acids including formic acid, acetic acid, pyruvic acid, maleic 
acid, succinic acid, and glucionic acid, yielding water and carbon dioxide as byproducts. 
Integrated stage 1 & 2 bio-oil is sent to a ketonization reactor (360 0C, 27 atm) to produce 
ketones ranging from C1-C11 in carbon number, forming byproduct CO2 and H2O. Aromatics 
(guaiacol, cresol, toluene) and light ketones are separated from the integrated stage 1 & 2 bio-oil 
stream, and coupled with stage 3 bio-oil. Partial hydrogenation (100 0C, 27 atm) of coupled stage 
3 bio-oil is utilized to convert levoglucosan into alcohols, acetone to isopropanol, acetic acid to 
ethane, acetol to propylene glycol, and furfural to 2-methylfuran, producing H2O during the 
reaction. Coupled stage 3 bio-oil is subsequently sent to an alkylation reactor (125 0C, 27 atm) in 
which alcohols (Ethylene Glycol, Propylene Glycol, Isopropanol, and Butylene Glycol) act as 
alkylating agents to upgrade furanics (furan and 2-methylfuran) and aromatics (guaiaicol, cresol, 
toluene) producing alkylates as well as byproduct H2O. All streams are hydrodeoxygenated (400 
0C, 55 atm) for removal of oxygen from bio-oil compounds, forming H2O in the reaction.  
Multistage System 3 adopts an integrated minimalist approach, utilizing a minimal 
number of design blocks to upgrade bio-oil. In this design, integrated stage 1 & 2 bio-oil streams 
undergo ketonization (180 0C, 27 atm) to convert acetic acid into acetone, producing CO2 and 
H2O as byproducts in the reaction. Post-ketonization, integrated stage 1 & 2 bio-oil are coupled 
with stage 3 bio-oil and subsequently hydrogenated (100 0C, 27 atm). Hydroprocessing converts 
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levoglucosan into alcohols, acetone to isopropanol, acetic acid to ethane, acetol to propylene 
glycol, and furfural to 2-methylfuran, producing H2O during the reaction. Bio-oil is subsequently 
sent to an alkylation reactor (125 0C, 27 atm) in which alcohols (Ethylene Glycol, Propylene 
Glycol, Isopropanol, and Butylene Glycol) act as alkylating agents to upgrade furanics (furan 
and 2-methylfuran) and aromatics (guaiacol, cresol, toluene) producing alkylates as well as 
byproduct H2O. All streams are hydrodeoxygenated (400 0C, 55 atm) to remove oxygen from 
bio-oil compounds, forming H2O in the reaction.  
D.10 BIOREFINERY UTILITIES 
Net heating and cooling duties for the evaluated design cases were constructed based on pinch 
analysis, assuming a dTmin of 10 OC. The hot and cold composite curves for each of the 
examined design cases are provided in the following figures. 
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Figure 41.  Multistage System 1: Hot and Cold Composite Curves 
 
 
Figure 42.  Multistage System 2: Hot and Cold Composite Curves  
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Figure 43.  Multistage System 3: Hot and Cold Composite Curves     
  
Figure 44.  Single Stage Fast Pyrolysis and HDO: Hot and Cold Composite Curves 
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Electricity consumption for net cooling duty was estimated via the work required for 
pumping cooling water. The mass flow of cooling water (m) was estimated based on the specific 
heat capacity (Cp) of water (4180 J/kg-water), nominal temperature differential (10 OC), and net 
cooling duty (MJ/hr), defined in equation 55.        𝑄𝑄𝐶𝐶𝑐𝑐∆𝑇𝑇 = 𝑁𝑁𝛿𝛿𝑜𝑜 𝐶𝐶𝑜𝑜𝑜𝑜𝑐𝑐𝑅𝑅𝑜𝑜𝑇𝑇 𝐷𝐷𝑄𝑄𝑜𝑜𝑦𝑦   (55)  
The total pressure drop across the cooling water loop is estimated to be 38.7 psi (266.7 
kPa), constructed based on 15 psi (pipe head losses) + 5 psi (exchanger losses) + 10 psi (control 
valve loss) + 8.7 psi of static head assuming water must be pumped to the top of the cooling 
tower an average height of 20 ft, Power required for cooling water pumps with a volumetric flow 
rate V, and an overall efficiency of 75% is provided in equation 56. Process utilities for all 
examined design cases are provided in Table 141. 
       𝑃𝑃𝑄𝑄𝑄𝑄𝑝𝑝 𝑃𝑃𝑜𝑜𝐺𝐺𝛿𝛿𝐶𝐶 (𝑀𝑀𝑀𝑀
𝐻𝐻𝐿𝐿
) = 1
𝜀𝜀
𝑉𝑉∆𝑃𝑃 = 1
0.75 ∗ � 𝑉𝑉106� (266.7)   (56)    
Table 141. Biorefinery Utilities 
Parameter Unit Fast Pyrolysis HDO 
Multistage Torrefaction & Pyrolysis 
System 1 System 2 System 3 
Pretreatment  Electricity (MJ/hr) 59733 59733 59733 59733 
Compressors Electricity (MJ/hr) 6095 2792 2980 1856 
Pumps Electricity (MJ/hr) 339 488 415 391 
Cooling Utility Electricity (MJ/hr) 1019 843 1173 381 
*Heating Duty  Heat Input (MJ/hr) 48170 17372 17319 17198 
*Cooling Duty Heat Removed (MJ/hr) 119829 99068 137895 44830 
*Based on Optimal Heat Exchange Network 
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D.11 TRANSPORTATION OF BIOFUEL FROM REFINERY GATE TO PUMP 
Transportation of biomass-based diesel from the refinery-to-pump is based on the 2016 GREET 
model[269]. It is assumed that biomass-based diesel is transported from refinery to bulk terminal 
assuming a transportation mix of 8% by barge, 29% by rail, 63% by heavy duty truck (on a mass 
basis) and a corresponding average transportation distance of 520 miles, 800 miles, and 50 miles 
respectively. Biomass-based diesel is subsequently transported from bulk terminal to refueling 
station via heavy-duty trucks assuming a one-way transportation distance of 30 miles.  
Table 142. Transportation of Biofuel Diesel from Refinery to Bulk Terminal  
 Transportation Mix 
(% Mass Basis) 
Transport Distance: Refinery to Bulk Terminal  
(Miles) 
Heavy Truck 8 % 50 Miles 
Rail 29 % 800 Miles 
Barge 63 % 520 Miles 
*Constructed based on data for pyrolysis diesel fuel pathways in the GREET 2016 Model [269]. 
 
 
Table 143. Transportation of Biofuel from Bulk Terminal to Refueling Station 
 Transportation Mix 
(% Mass Basis) 
Transport Distance: Bulk Terminal to Refueling 
Station  (Miles) 
Heavy Truck 100 % 30 Miles 
Rail - - 
Barge - - 
*Constructed based on data for pyrolysis diesel fuel pathways in the GREET 2016 Model [269]. 
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D.12 LIFE CYCLE DATA AQUISITION 
  Table 144 provides an overview of life cycle data sources and life cycle impact assessment 
(LCIA) methods used in this study.  
 
Table 144. Life cycle data sources 
Material or Process Description Unit Database Method C.I. N 
Urea, as N (RER) | production | Alloc 
Def U  
kg Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Urea, as N (RER) | production | Alloc 
Def U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Nitrogen fertilizer, as N (RER) | calcium 
ammonium nitrate production | Alloc, 
Def U 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Nitrogen fertilizer, as N (RER) | calcium 
ammonium nitrate production | Alloc, 
Def U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Phosphate fertilizer, as P2O5 (RER) | 
triple superphosphate production | Alloc 
Def U 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Phosphate fertilizer, as P2O5 (RER) | 
triple superphosphate production | Alloc 
Def U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Potassium Sulfate, as K2O (RER) | 
potassium sulfate production | Alloc Def, 
U 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Potassium Sulfate, as K2O (RER) | 
potassium sulfate production | Alloc Def, 
U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Lime Fertilizer, at regional 
storehouse/RER Mass 
kg Agri-footprint IPCC 2013 GWP 100a V1.01 N/A N/A 
Lime Fertilizer, at regional 
storehouse/RER Mass 
kg Agri-footprint Cumulative Energy Demand V 
1.09 
N/A N/A 
Ground Calcium Carbonate (GCC) – 
Dry, uncoated, at plant, RER S 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 N/A N/A 
Ground Calcium Carbonate (GCC) – 
Dry, uncoated, at plant, RER S 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
N/A N/A 
Irrigation (US) | Processing | Alloc Def, 
U 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 N/A N/A 
Irrigation (US) | Processing | Alloc Def, 
U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
N/A N/A 
Glyphosate (RER) | production | Alloc 
Def U 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Glyphosate (RER) | production | Alloc 
Def U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
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Table 144 (continued). 
Pesticide, unspecified (RER) | production 
| Alloc Def, U 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Pesticide, unspecified (RER) | production 
| Alloc Def, U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Diesel (RoW) market for | Alloc Def U Kg Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Diesel (RoW) market for | Alloc Def U kg Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Transport, freight, lorry > 32 metric tons, 
EURO5 (ROW) | Alloc Def U  
tkm Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Transport, freight, lorry > 32 metric tons, 
EURO5 (ROW) | Alloc Def U 
tkm Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Electricity, High Voltage U.S. | 
Production Mix | Alloc, Def U  
MJ Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Electricity, High Voltage U.S. | 
Production Mix | Alloc, Def U  
MJ Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Zeolite, powder (RER) | Production | 
Alloc Def U 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 N/A N/A 
Zeolite, powder (RER) | Production | 
Alloc Def U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
N/A N/A 
Hydrogen (reformer) E kg Industry data 2.0 IPCC 2013 GWP 100a V1.01 N/A N/A 
Hydrogen (reformer) E kg Industry data 2.0 Cumulative Energy Demand V 
1.09 
N/A N/A 
Heat, natural gas, at industrial furnace 
>100 kW/RER U 
MJ Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Heat, natural gas, at industrial furnace 
>100 kW/RER U 
MJ Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Hydrogen peroxide, without water, in 
50% solution state (RER) | hydrogen 
peroxide production, product in 50% 
solution state | Alloc Def, U 
kg Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Hydrogen peroxide, without water, in 
50% solution state (RER) | hydrogen 
peroxide production, product in 50% 
solution state | Alloc Def, U 
kg Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Transport, freight, inland waterways, 
barge (RER) |processing| Alloc Def, U 
tkm Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Transport, freight, inland waterways, 
barge (RER) |processing| Alloc Def, U 
tkm Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
Transport, freight train (US)| diesel| 
Alloc Def, U 
tkm Ecoinvent IPCC 2013 GWP 100a V1.01 95% 10,000 
Transport, freight train (US)| diesel| 
Alloc Def, U 
tkm Ecoinvent Cumulative Energy Demand V 
1.09 
95% 10,000 
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D.13 OVERVIEW OF KEY PARAMETERS AND DISTRIBUTIONS 
Table 145. Overview of key parameters and probability distributions 
Parameter Unit Distribution Mean St. Dev. Min Max Most 
Likely 
Point 
Est. 
Direct Land Use Change         
SOCREF Tonnes C ha-1 Point Est. - - - - - 95 
FLU Unitless Point Est. - - - - - 1 
FMG Unitless Triangular - - 0.7 1 0.95 - 
Above and Below Ground 
Biomass 
Tonnes d.m ha-1 Normal 13.6 5.1 - - - - 
Biomass Carbon Content % C Point Est.      47% 
Cuttings Production         
N-Fertilizer application kg N Cutting-1 Point Est. - - - - - 5.2E-04 
P-Fertilizer application kg P Cutting-1 Point Est. - - - - - 6.5E-04 
K-Fertilizer application kg K Cutting-1 Point Est. - - - - - 3.9E-04 
CaCO3 application kg CaCO3 Cutting-1 Point Est. - - - - - 6.5E-03 
Herbicide Application L Herbicide Cutting-
1 
Point Est. - - - - - 2.0E-05 
Diesel Use L Diesel Cutting-1 Point Est. - - - - - 7.5E-04 
Woody Biomass Production         
Woody Biomass Growth Rates  Tonnes d.m ha-1 Bootstrapping - - - - - - 
SRWC Stand Life Years Bootstrapping - - - - - - 
Cuttings Cuttings ha-1 Bootstrapping - - - - - - 
N Fertilizer application kg ha-1 Bootstrapping - - - - - - 
P Fertilizer application kg ha-1 Bootstrapping - - - - - - 
K Fertilizer application kg ha-1 Bootstrapping - - - - - - 
Lime Fertilizer application kg ha-1 Bootstrapping - - - - - - 
Herbicide application kg ha-1 Bootstrapping - - - - - - 
Irrigation application m3 ha-1 Bootstrapping - - - - - - 
Frequency - Plowing Unitless Bootstrapping - - - - - - 
Frequency - Harrowing Unitless Bootstrapping - - - - - - 
Frequency - Disking Unitless Bootstrapping - - - - - - 
Frequency – Mechanical Weeding Unitless Bootstrapping - - - - - - 
Frequency – Chemical Weeding Unitless Bootstrapping - - - - - - 
Frequency – Fertilizing (Lime) Unitless Bootstrapping - - - - - - 
Frequency – Fertilizing (N/P/K) Unitless Bootstrapping - - - - - - 
Frequency – Planting Unitless Bootstrapping - - - - - - 
Frequency – Pest Control Unitless Bootstrapping - - - - - - 
Frequency – Irrigation Unitless Bootstrapping - - - - - - 
Frequency – Coppicing Unitless Bootstrapping - - - - - - 
Frequency – Harvesting/Chipping Unitless Bootstrapping - - - - - - 
Frequency – Stump Removal Unitless Bootstrapping - - - - - - 
Diesel Use - Plowing L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use - Harrowing L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use - Disking L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Mechanical Weeding L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Chemical Weeding L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Fertilizer (Lime) L-Diesel ha-1 Bootstrapping - - - - - - 
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Table 145 (continued). 
Diesel Use – Fertilizer (N/P/K) L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Planting L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Pest Control L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Irrigation L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Coppicing L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Harvesting/Chipping L-Diesel ha-1 Bootstrapping - - - - - - 
Diesel Use – Stump Removal L-Diesel ha-1 Bootstrapping - - - - - - 
Direct N2O Emissions  (% N volatilized) Bootstrapping - - - - - - 
Indirect N2O  Soil N Vol. Rate (%) Triangular - - 3% 30% 10% - 
Indirect N2O Runoff rate (%) Triangular - - 10% 80% 30% - 
Indirect N2O Conv. Rate (%) Triangular - - 0.05% 2.5% 0.75% - 
Harvest Efficiency (%) Uniform - - 77.4% 94.5% - - 
Moisture Content Biomass (Pre-
Storage) 
(%) Point Est. - - - - - 50 
Storage Period  Days Uniform - - 30 60 - - 
Moisture Content Biomass (Post-
Storage) 
(%) Point Est. - - - - - 25 
Local Transport         
Transport Biomass (Farm-to-
Refinery) 
Km Triangular - - 50 150 100 - 
Fuel Conversion & Upgrading         
Weight Hourly Space Velocity  Hr-1 Point Est. - - - - - 0.2 
Catalyst Lifetime Days Uniform - - 60 365 - - 
Fuel Transport and Distribution         
Transport Biofuel (Refinery-to-
Bulk Terminal) via Barge 
Miles Point Est. - - - - - 520 
Transport Biofuel (Refinery-to-
Bulk Terminal) via Rail 
Miles Point Est. - - - - - 800 
Transport Biofuel (Refinery-to-
Bulk Terminal) via Heavy Duty 
Truck 
Miles Point Est. - - - - - 50 
Transportation Mix (Barge) % Point Est. - - - - - 8% 
Transportation Mix (Rail) % Point Est. - - - - - 29% 
Transportation Mix (Heavy Duty 
Truck) 
% Point Est. - - - - - 63% 
Transport Biofuel (Bulk Terminal-
to-Refueling station) 
Miles Point Est. - - - - - 30 
Coproduct and Scenario Analyiss         
CHP – Heat Conv. Efficiency (%) Triangular - - 44% 48% 52% - 
CHP – Electrical Conv. Efficiency (%) Triangular   20% 35% 25%  
Biochar Carbon Loss (% C emitted to 
atm.) 
Uniform - - 0% 20% - - 
Transport Biochar (Refinery-to-
Farm) via Heavy Duty Truck 
Km Triangular - - 50 150 100 - 
Diesel Use - Biochar land 
application 
L Diesel ha-1 Triangular - - 0.9 4.7 2 - 
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Table 146. Key parameters in the calculation of EROI and Life Cycle GHG Emissions 
Parameter Symbol Units Notes 
Biofuel Energy Ebiofuel MJ (LHVbiofuel)*( Massbiofuel) 
Coproduct Electricity CElec MJ Based on CHP Electrical conversion efficiency. CElec = CElec,Exp+ CElec,Recycle 
Electricity Export CElec,Exp MJ 
If Coproduct Electricity (CElec) exceeds Process 
Electricity Requirements (PElec), surplus electricity is 
exported offsite and displaces the U.S. average 
electricity mix. Electricity Export (Celec,Exp) = (CElec-
PElec). 
Electricity Recycle CElec,Recycle MJ Coproduct electricity that is used onsite to meet process electricity utility, CElec,Recycle≤ PElec 
Coproduct Heat CHeat MJ Based on CHP Heat conversion efficiency. Only usable heat is considered (i.e. CHeat,Recycle ≤ PHeat). 
Process Electricity PElec MJ Based on Elec. Utility from Hybrid model 
Process Heat PHeat MJ Based on Heat Duty from ASPEN simulation 
Primary Energy Impact Factor 
- Electricity IFPE,Elec 
MJ Primary Fossil 
Energy/MJ-Electricity Based on data obtained from life cycle databases 
Primary Energy Impact Factor 
- Heat IFPE,Heat 
MJ Primary Fossil 
Energy/MJ-Heat Based on data obtained from life cycle databases 
Global Warming Potential 
Impact Factor - Electricity IFGHG,Elec kg CO2e./MJ-Electricity Based on data obtained from life cycle databases 
Global Warming Potential 
Impact Factor - Heat IFGHG,Heat kg CO2e./MJ-Heat Based on data obtained from life cycle databases 
Primary fossil energy for all 
other material, energy, and 
emissions flows 
PEMisc MJ Primary Fossil Energy 
Primary Fossil Energy consumption for all material 
and energy flows (excluding process heating, electrical 
utility, and biofuel transport) 
Life Cycle GHG emissions for 
all other material, energy, and 
emissions flows 
GHGMisc kg CO2e 
Life cycle GHG emissions for all material, energy, and 
emissions flows (excluding process heating, electrical 
utility, and biofuel transport) 
GHG sequestration from 
Biochar GHGChar kg CO2e 
Based on carbon content (C%) of biochar, as well as 
fraction of carbon remitted to atm. as CO2 
Life Cycle GHG emissions 
from Biofuel Transport GHGFuel Transport kg CO2e 
Life cycle GHG emissions for transporting biofuel to 
regional fuel facility 
Primary Energy Consumption 
from Biofuel Transport PEFuel Transport 
MJ Primary Fossil 
Energy 
Primary Energy Consumption for transporting biofuel 
to regional fuel facility 
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The 10th, 50th, and 90th percentiles for EROI and life cycle GHG emission for 
renewable fuels produced via Fast Pyrolysis HDO and Multistage Systems are provided in Table 
147 and Table 148 respectively. 
 
Table 147. Median EROI (MJ-Fuel/MJ-Primary Fossil Energy) for base-case Fast Pyrolysis HDO and 
Multistage Systems 
LCA Scheme Biochar Coproduct Scenario 
Fast Pyrolysis 
HDO 
Multistage 
System 1 
Multistage 
System 2 
Multistage 
System 3 
Displacement Soil Amendment - 1.66 (1.20,2.10) 1.32 (0.98,1.64) 2.07 (1.48,2.65) 
Energy Allocation Soil Amendment 0.96 (0.67,1.25) 1.66 (1.20,2.10) 1.32 (0.98,1.64) 2.07 (1.48,2.65) 
Displacement Combined Heat & Power - 2.90 (1.73,4.95) 2.14 (1.36,3.38) 3.76 (2.17,6.51) 
Energy Allocation Combined Heat & Power 1.11 (0.78,1.45) 1.95 (1.38,2.53) 1.50 (1.11,1.88) 2.89 (1.89,4.07) 
Results for EROI are tabulated as X (Y,Z) where X=50th Percentile, Y=10th Percentile, Z=90th Percentile 
 
Table 148. Median Life cycle GHG emissions (gCO2e/MJ-Fuel) for base-case Fast Pyrolysis HDO and 
Multistage Systems 
LCA Scheme Biochar Coproduct Scenario 
Fast Pyrolysis 
HDO 
Multistage 
System 1 
Multistage 
System 2 
Multistage 
System 3 
Displacement Soil Amendment - 20 (11,40) 27 (16,49) 17 (10,35) 
Energy Allocation Soil Amendment 52 (35,89) 20 (11,40) 27 (16,49) 17 (10,35) 
Displacement Combined Heat & Power - 30 (20,50) 38 (26,60) 38 (26,60) 
Energy Allocation Combined Heat & Power 87 (71,120) 42 (35,61) 53 (44,73) 53 (44,73) 
Results for EROI are tabulated as X (Y,Z) where X=50th Percentile, Y=10th Percentile, Z=90th Percentile 
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Figure 45. Sensitivity Analysis: Multistage Design Case #3. Tornado Plots for median EROI and Life 
Cycle GHG emissions using displacement method. 
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